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ABSTRACT

The aim of this work was to develop a non-contact mode scanning force microscope
(SFM) for application to biological samples within liquid environments. Given that
biological samples are particularly soft in their natural state and that a liquid is the
most difficult operating environment for non-contact mode scanning force
microscopy, the development of an instrument that is optimised to image biological
samples in vitro presents significant challenges.
Firstly, the SFM tip to sample interaction has to be minimised either, in the worst
case, to prevent the sample from being detached from its support or to maximise
spatial resolution by minimising sample distortion. Given such concerns, it is not
surprising that in vitro SFM imaging is carried out, more often than not, using noncontact mode, rather than by using contact mode with very soft cantilevers. Secondly,
the classic method used to oscillate the cantilever for non-contact SFM, i.e.
piezoelectric actuation using either the SFM scanner or a specific piezoelectric dither
transducer, is not ideal for liquid applications. Piezoelectric actuation generates
multiple peaks in the frequency spectrum, often referred to as a “forest of peaks”, that
arise from resonances in the liquid cell and elsewhere in the instrument, making it
difficult to locate the cantilever resonance. Furthermore, viscous damping of the
oscillating cantilever by the liquid degrades the quality factor of the cantilever and
thus its sensitivity.
A prototype scanning force microscope, capable of operation in contact and noncontact modes in air or liquid, was designed and constructed as a development
platform. By using a modular approach to the hardware, electronics and software.

modifications could be made to the prototype without serious consequences.
Alternative methods of cantilever excitation were investigated and magnetic
excitation was found to provide a single cantilever resonance. Furthermore,
implementing active-Q control boosted the effective quality factor of the cantilever,
thereby returning its sensitivity in liquid to a level comparable to that obtained in air.
Incorporating magnetic excitation and active-Q control of the cantilever enabled the
performance of the prototype microscope to be optimised for imaging biological
samples in liquid. Samples of immobilised red blood cells, nanogold conjugates and
three different antibodies were successfully imaged in water by the prototype. The
performance of the prototype was validated by imaging monolayers of immobilised
antibodies in liquid and achieving image qualities comparable to those achieved in air
for such samples. Images of such quality were not possible without incorporating
magnetic excitation and active-Q control within the prototype.
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Chapter 1

Scanning Force Microscopy
In this chapter, the development of scanning force microscopy, or atomic force
microscopy as it was named by its inventors, is discussed. The general features of a
scanning force microscope are described, with particular emphasis on the core
technologies that are used to sense atomic forces and to scan from the microscale to the
nanoscale.

1.1

A Brief History of Microscopy

Since the invention of the optical microscope, scientists have endeavoured to overcome
the spatial resolution limit that was imposed by the diffraction of visible light. The first
major success came in 1935 when Knoll [1] described his concept of a scanning electron
microscope (SEM). As electrons of quite moderate energies have wavelengths less than
the size of atoms, diffraction is not an issue. Later in 1938, von Ardenne [2] constructed a
scanning transmission electron microscope by adding scan coils to an existing
transmission electron microscope. This instrument was reported to have a spatial
resolution between 50 and 100 nm.

In 1942, Zworykin et al. [3] described the first purpose built scanning electron
microscope which was used to examine the surface of a solid specimen. Subsequently,
Oatley [4] pioneered work that vastly improved SEM resolution, producing, in so doing,
the three-dimensional imaging characteristics which are so familiar to today's SEM users.

A type of field-emission microscope called a “topographiner” was developed in 1972 by
Young et al. [5]. With a tip to surface separation of approximately 20 nm, the application
of a high voltage produced a field-emission current that resulted in a lateral resolution
that was approximately half that of an optical microscope. Young et al. suggested that a
further improvement in resolution could be achieved by using sharper field-emission tips.
Their instrument also introduced the concept of using piezoelectric transducers as the
means of moving samples at the nanometre scale within a measuring instrument.

In many ways, the topographiner was the forerunner of the scanning tunnelling
microscope, the first instrument to operate, free of the diffraction limit, in the near-field.
As predicted by Abbe [6], near-field instruments are free of the diffraction limitations of
far-field microscopes. A whole family of scanning probe microscopes, including
somewhat ironically, the scanning near-field optical microscope, now operate in the nearfield. These instruments are having dramatic impact in many fields of science and
technology and will be central to the exploitation of nanoscience and nanotechnology.

1.2

Scanning Tunnelling Microscopy

The lack of a suitable tool for studying the local conductivity of surfaces provided the
impetus for the invention of the scanning tunnelling microscope (STM) in 1981 by
Binnig and Rohrer [7]. The STM was the first instrument to generate real-space images of
surfaces with atomic resolution and earned its inventors the Nobel Prize in Physics.
Previously, it had only been possible to image surfaces in reciprocal space using electron
diffraction techniques that sensed structural order rather than individual atoms. The STM
had a lot in common with Young et a/.’s topographiner, except that the tip had to be

rather close to the surface for tunnelling to occur. The STM operating mode resembled
that of the stylus profilometer, but instead of scanning a tip in mechanical contact with a
surface, a gap of a few tenths of a nanometre was maintained between the tip and the
sample.

The development of the STM followed from the demonstration of vacuum tunnelling
where current flowed from a tungsten tip to a platinum surface when they were sepai'ated
by a distance of a nanometre or so [8]. Electrons tunnelled either from the tip to the
sample, or vice versa, depending on the polarity of the bias voltage. Once it was
recognised that the tunnelling current could be used to keep the tip in a fixed proximity
with the surface, the STM was bom. A reduction in tip-sample distance of 0.1 nm
produces an order of magnitude increase in tunnelling current. The relationship between
tunnelling current I and tip to sample distance s is governed by equation 1.1
/oc

....1.1

where V is the bias voltage and O is the work function. This exponential dependence of
tunnelling current on tip-sample distance is the defining characteristic that makes the
STM such a high-resolution measuring tool.

The set-up for the first really effective STM design [9] is depicted schematically in figure
1.1. As illustrated in figure 1.1, a tungsten tip was mounted on a tripod scanner that
scanned the tip in the X, Y and Z directions. A conducting sample was positioned within
close proximity to the tip using a piezoelectric "louse", a device that used piezoelectric
actuators and electrostatic clamps to move in carefully orchestrated steps. Viton rings
were sandwiched between metal plates to provide isolation against building vibrations. It

was later discovered that a simple suspension system of rubber cords provided adequate
vibration isolation.

Figure 1.1

Sample

Tripod scanner

Piezoelectric
"louse" for sample
positioning

Viton sandwiched
between metal plates

Set-up of the first effective STM design

Experiments carried out in ultra high vacuum (UHV) allowed the preparation and
retention of well-defined surfaces. The first published results revealed single atomic steps
on a CaIrSn4 single crystal [7] with the direct observation of the 7 x 7 reconstruction of
the Silicon (111) surface following soon afterwards [10].

Since tips are never smooth at the atomic scale, there always remains the possibility of
multiple tips contributing to the images. The retention of high resolution with STM
imaging, even with multiple tips, arises from the logarithmic relationship (equation 1.1)
between tunnelling current and distance which ensures that the nearest tip to the surface

dominates the total tunnelling current. During the early development of the first STM,
one problem that was encountered, and that still persists today, was contamination of the
sample surface and/or the tip. Contamination between the tip and surface leads to a
reduction in the sensitivity of tunnelling current to the tip-sample separation distance. As
the tip approaches the surface, debris becomes compressed between the tip and surface.
This compression can deform the sample or the tip if either is sufficiently soft. Often
though, tunnelling is sustained by multiple tips that aie free of contamination or by a
macroscopic tip that penetrates the contamination. Indeed, large corrugations observed in
STM images have been attributed to these contamination effects [11]. Whilst the imaging
mechanism is still not fully understood under these circumstances, operation in ultra high
vacuum can alleviate this problem. However, in applications that require operation in air
or liquid, the presence of contamination is still a serious application problem.

A further drawback of the STM is that imaging is confined to conducting surfaces. To
extend this high resolution measuring technique to insulators such as semiconductors, a
different approach had to be taken. Up to this time, the surface profilometer had been
used to measure surface roughness with a stylus attached to a cantilever beam. By
traversing a sample and tracking displacements of the cantilever beam, one could map the
contours, or topography, of the surface. Recording the sample contours in the X and Y
directions generated three-dimensional images of the surface topography. The surface
profilometer had thus developed into a powerful microscopic technique with a lateral
resolution of 100 nm and a vertical resolution of 1 nm [12]. However, the forces exerted
on the tip and surface resuited in plastic deformation of the surface and placed a
fundamental restriction on its application.

1.3

Scanning Force Microscopy

In 1986, Binnig et al. developed the atomic force microscope (AFM) or scanning force
microscope (SFM) as it is also known [13J. This instrument combined the principles of
the STM with those of the stylus profilometer. The term "force" within SFM was coined
from the action of the cantilever-mounted tip in exerting a finite force on the atoms in the
sample surface. Unlike the profilometer, the SFM used a very weak cantilever spring to
avoid damage to the surface or the tip. Thus, the fine asperities at the end of a sharp tip
could survive the loading forces of the weak cantilever spring. Ideally, only the end atom
of the tip would contribute to the imaging information as depicted in figure 1.2.
Unfortunately, the force-distance relationship is linear and therefore, unlike the STM,
nearest neighbour atoms will contribute significantly to the total SFM interaction.

Figure 1.2

End atom
Tip contour

Sample

Schematic showing ideal imaging conditions where only the end atom of the tip
traces the surface contours.

In the original SFM implementation, a diamond stylus was attached to a weak cantilever
spring. An STM tip, mounted in close proximity to the rear of the cantilever, sensed the
deflections of the cantilever as depicted in figure 1.3. By maintaining a constant

deflection of the cantilever a constant force between the tip and sample was maintained.
Thus, the subsequent images were profiles of constant force.

Figure 1.3

Viton

Schematic illustration of the set-up for the first SFM which used an STM tip to sense
the deflections of a soft cantilever

The most critical component in the SFM was the cantilever spring. A significant
deflection for a given force requires an extremely soft cantilever. However, a relatively
stiff spring with a high resonance frequency is necessary to reduce the sensitivity to
vibrational noise from the surroundings. The resonance frequency, fo (hertz), of a
cantilever is given by:

f^={\l2n){klmy^
where k is the spring constant and tUo is the effective mass that loads the spring.

....1.2

So, in order to keep the cantilever as soft as possible, vibrational noise was minimised by
using viton spacers to damp the high frequency mechanical vibrations and to decouple the
STM tip, the cantilever and the sample. The arrangement shown in figure 1.3 allowed the
SFM to operate under four different feedback modes. In the first feedback mode, the
sample was modulated in the Z direction at its resonance frequency. Subsequent
deflections of the cantilever then modulated the tunnelling cunent. A feedback signal was
derived from the modulated tunnelling current and was used to maintain a constant force
between the stylus and sample.

The second and third modes modulated the cantilever itself by fixing it to a piezoelectric
transducer as depicted in figure 1.3. The force between the sample and stylus changed the
resonant frequency of the cantilever. This change was detected in turn by changes in the
amplitude or phase of the tunnelling current, either of which could be used to provide the
feedback signal.

The fourth mode comprised improvements of the second and third modes by supplying
both the AFM and STM scanners with a feedback signal. This was accomplished by
driving the AFM sample and the STM tip in opposite directions. The ratio of STM to
AFM feedback was chosen to be quite large so that a significant portion of the feedback
signal acted on the AI^ feedback alone. (This ratio ranged from 1:10 to 1:10(X)). This
method gave more reproducible results but had the disadvantage that the absolute value
of the force acting on the stylus was no longer well defined.

However, regardless of the feedback mode employed, this seminal SFM design suffered
from poor reliability due to contamination of the STM tip and/or the back of the SFM
cantilever.

1.4

The Optical Lever in Scanning Force Microscopy

In order to improve the reliability of the above SFM design, essentially a dual STM/SFM,
various methods were devised to remove the STM’s troublesome role in detecting
cantilever deflections. Such methods included the application of optical interferometry to
sense the cantilever deflections [14,15].

In particular, a group led by Amer [16] used a laser heterodyne interferometer in a unique
optical scheme that accurately detected cantilever displacements of the order of 10'^ nm.
This technique proved to be reliable, straightforward to implement, less sensitive to
thermal drifts and insensitive to the roughness of the cantilever. Unfortunately, the
heterodyne interferometer needed several discrete optical components and this prevented
the construction of a compact system.

In 1988, the optical lever technique was applied to the SFM by Meyer et al. [17]. In this
nove] approach, displacements of a cantilever were measured by detecting the deflection
of a low power laser beam from the back of the cantilever. A position-sensitive detector
(PSD) sensed the deflected laser beam. Its intrinsic simplicity and reliability have made
this technique the method of choice for most SFMs built to date, commercially or
otherwise. Furthermore, this method is compatible with the technical demands of ultrahigh vacuum applications.

The dominance of the optical lever technique may be threatened in time by piezoresistive
cantilevers that give a direct electrical output of cantilever deflection [18]. Whilst the
simplification of the design of instruments that use these cantilevers is a major incentive
for their use, at present there is a significant increase in the cost of the cantilevers and a
significant reduction in sensitivity. Accordingly, SFMs based on piezoresistive
cantilevers have been largely confined to low temperature and vacuum applications in
circumstances where their advantages outweigh these disadvantages [18,19].

Figure 1.4

Basic set-up for the optical lever detection scheme employing a low power (typically 3
to 5 mW) laser diode and a quadrant type position sensitive detector.

The sensitivity of the optical lever detection scheme is chiefly dependent on the stability
of the laser, the thermal vibrations of the cantilever, the shot noise of the photo-detector
and the overall mechanical stability. In general, the shot noise of the photo-detector is the
dominant factor that limits the sensitivity of an instrument employing this technique.

10

For a system dominated by the shot noise of the photo-detector, the signal to noise ratio
(S/N) is given by [17];
S/N ~

....1.3

where a and b are the dimensions of the illuminated surface of the cantilever, / is the
cantilever length, R is the reflectivity of the cantilever, Rs is the spectral responsivity of
the photo-detector, I is the intensity of the laser diode and B is the detection bandwidth.

Clearly, reducing the length of a cantilever increases the sensitivity whilst reducing the
intensity of the reflected beam reduces the sensitivity. Since the cantilever length is fixed
for a given application, the intensity of the reflected laser beam becomes the most
important criterion with respect to S/N when setting up a system. Thus, reductions in S/N
arise from a reduced reflectivity of the back of the cantilever and from employing a beam
spot diameter that is larger than the dimensions of the cantilever.

Crucially, the S/N does not depend on the distance between the cantilever and the PSD. It
should also be noted that in an instrument where the cantilever is vibrated at its resonance
frequency, the sensitivity limit is determined by the amplitude of thermal vibrations
rather than the minimum detectable displacement [17].

Improvements in the design and fabrication of cantilevers have continually reduced the
effective area of a cantilever from which a laser beam can be reflected. Reflection of a
sufficient number of photons from the cantilever to ensure adequate sensitivity entails
placing the cantilever at the focal plane of the incident laser beam. Where necessary,
cantilevers can be fabricated with a wider cross-section, or paddle, near the middle or the

11

end of the cantilever [20]. This paddle provides a sufficient area to reflect the laser beam,
thereby providing a high sensitivity to cantilever deflections.

Following deflection of a cantilever, the displacement of a laser beam spot relative to its
diameter at the PSD can be described by [21]:
^
Dpsd

= Az

...1.4

2U

where As is the displacement of the laser beam spot at the PSD, D„ and Dpsd are the laser
beam diameters at the cantilever and PSD respectively, Az is the deflection of the
cantilever, / is the length of the cantilever, /i is the wavelength of the laser beam and g] h
a geometrical factor. The factor of 2 in equation 1.4 addresses the fact that the angular
rotation of the beam is twice the cantilever displacement. The gradual bending of the
cantilever is compensated by gi.

Assuming that the diameter of the laser beam on the cantilever is less than the length of
the cantilever, then the S/N for this set-up is given by:

S/N

=

g,

g^n D^Az

U

ShcB

where gz is a geometncal factor and is equal to 4(7i/2)

1/2

....1.5

for Gaussian laser beams, r] is

the quantum efficiency of the photo-detector, P,„i is the total optical power incident on the
detector, h is the Planck constant and B is the detection system bandwidth.

Significantly, the absence of a variable for the cantilever to PSD separation distance in
equation 1.5 implies that the S/N is independent of this quantity. This is based on the
assumption that the spot diameter at the PSD is less than the diameter of the sensitive
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area of the PSD. Furthermore, the S/N is adequately described by equation 1.5 provided
that the PSD is placed a sufficient distance from the cantilever.

On referring to equation 1.4, it can be seen that the detection sensitivity is highest when
the laser beam diameter (Do) is matched to the length of the cantilever. However, Do is
constrained by the requirement that it must not exceed the cantilever length, otherwise a
reduction in sensitivity will occur. Nevertheless, this sensitivity dependence on Do has
been exploited to optimise the detection sensitivity by using an adjustable slit aperture to
vary Do [22]. Therefore, Do should be optimised for different cantilever dimensions in
order to maximise the sensitivity. However, in practise it is not always convenient either
to incorporate an adjustable slit or to change the focus of the laser.

1.5

Cantilevers and Tips

1.5.1

Cantilevers

The first SFM cantilevers were cut from metal foils. This method was quickly replaced
for general applications by silicon nitride cantilevers that were fabricated using methods
developed for microelectronics. Today, most SFM cantilevers are fabricated using silicon
cantilevers, again using processes established for microelectronics.

1.5.2

Tips

The tips used in the first instruments were typically made from diamond fragments that
were glued to the end of the cantilever. A method was soon devised for making
cantilevers out of silicon nitride with in situ pyramidal tips. Later, methods were
developed to fabricate sharper and slimmer silicon tips on silicon cantilevers and these
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are very widely used today. The critical geometrical parameters for SFM tips are the tip
radius and the aspect ratio, as illustrated in figure 1.5. As illustrated in the figure, the tip
shape is folded into the SFM image and will affect lateral measurements unless the
sample features are much larger than the tip’s dimensions. Although tip shapes do not
influence height measurements this is only true when the tip has unrestricted access to at
least one side of the surface feature. Techniques have been introduced to sharpen tips and
to deposit carbon spikes onto existing tips. The discovery of carbon nanotubes has
offered new opportunities to enhance the tip radii and aspect ratios of SFM tips.

Figure 1.5
19%
Path of tip

(a)

(b)

(c)

Schematic showing two tips with different aspect ratios and an illustration of the
their importance in imaging. The tip aspect ratio is a quantity that is determined by
the angle of the tip side-wall with respect to the horizontal plane as illustrated by z in
(a). The tip shown at (a) is a low aspect ratio tip whilst a high aspect ratio tip is shown
at (b). In order to satisfy the Rayleigh criterion, the depression between two sample
features is resolved when the path traced by the tip dips by 19% as illustrated in (c).
Clearly, to satisfy the Rayleigh criterion, the minimum distance d between resolved
surface features is determined by both the tip radius at the tip apex and by the tip
aspect ratio.

1.5.2.1

Carbon nanotubes

Ten years ago lijima discovered carbon nanotubes by chance when he was studying soot
through an electron microscope [23]. He was looking for C6o. or fullerene, but instead
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observed thin nanometre scale threads that were made of pure carbon. These multi-walled
carbon nanotubes (MWNT) demonstrated revolutionary physical

and electronic

properties. Their measured strengths were found to be superior to steel and exhibited
excellent conduction properties following suitable arrangement. Their multi-walled
composition implies that each carbon tube is stacked inside another carbon tube of a
greater diameter. Extracting each carbon tube gives a single walled carbon nanotube
(SWNT). The innermost carbon nanotubes have diameters ranging from 1-100 nm but
typically have lengths of several micrometres.

The advent of carbon nanotubes has opened up the possibility of unprecedented SFM
resolution by attaching these carbon nanotubes (CNTs) onto SFM tips. This was
demonstrated by Choi et al. [241 when they fabricated a CNT tip. These tips were
produced by fixing the CNT onto commercially available tips by the electron beam of a
field emission SEM. These tips were used in intermittent contact mode to observe
individual SWNTs on a sample. The width of these individual SWNTs was found to be
less than half that reported with silicon tips.

Owing to the flexibility and durability of these CNT tips, no depreciation in the CNT tip
will occur following multiple scans. Furthermore, the needle-like structure of these CNT
tips allows one to probe steep trenches without encountering tip convolution effects
experienced through the use of conventional tips. Further advances in this area of CNT
tips include specially fabricated hook-like tips and precise alignment of the CNT tip at an
angle to the cantilever.
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1.5.3

Tip deconvolution

A discussed above the shape of the SFM tip is folded into the SFM image. When this is
problematic the tip shape can be deconvolved from the image. This is normally achieved
by independently determining the tip shape by imaging a tip characteriser and then
deploying deconvolution software. Alternatively, there are blind reconstruction software
algorithms that determine the tip shape by analysing the image.

Figure 1.6

Tip path

//

(a)

(b)

Illustration of tip artifact produced by a surface with quite steep side-walls. In (a) the
tip is steeper than the sample contours and the path of the tip reflects the true
contours of the sample. However, in (b) the contours of the surface are steeper than
the tip. As illustrated by arrows, the resultant path of the tip (A) is an image of the
side of the tip (B).

1.6

Piezoelectric Actuation

1.6.1

The piezoelectric effect

The discovery of piezoelectricity in 1880 by the Curie brothers [25] followed
observations of the appearance of surface charges when specially prepared crystals were
subjected to mechanical stress. A year later they confirmed the converse piezoelectric
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effect where an applied electric field induced mechanical deformation in crystals. Since
no major viable commercial benefits were immediately identified, it was not until 1917,
during World War I, that serious research in the field of piezoelectricity was undertaken
with the development of an ultrasonic submarine detector. This work continued in
peacetime with the development of a transducer that measured the depth beneath
seafaring vessels.
This development stimulated a rapid increase in applications of the piezoelectric effect.
Fuithermore, this rapidly expanding application field led to the development of improved
materials to tailor a material to a specific application. Vast improvements in piezoelectric
properties in ceramic materials prepared by sintering metallic oxide powders (called
ferroelectrics) led to the development of the lead zirconate titanate family of ceramics.
Today, piezoelectricity is used in a wide range of products and applications ranging from
simple audio buzzers to acoustic holographic techniques that can detect flaws within solid
metal structures.

1.6.2

Piezoelectric scanners

The most popular piezoelectric material today for scanning probe microscopy are made
from ferroelectric ceramics which include lead zirconate titanate (PZT). This crystallite
material becomes piezoelectric when poled. Furthermore, these PZT crystallites are
isotropic before poling while exhibiting an anisotropic structure after poling. The PZT
ceramic temperature must be elevated to a temperature above the Curie temperature and a
high external electric field applied for poling to occur. This Curie temperature is specific
to each ceramic material. Alternatively, PZT loses its piezoelectric properties above the
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Curie temperature in the absence of an external electric field.

The ability of piezoelectric transducers to manipulate objects in a microscope was first
exploited by Young et al. [5] when a sample was positioned with sub-nanometre
resolution. Since then, a wide range of different piezoelectric transducers have emerged
and have been applied as scanners in microscopy with great success. A major advantage
of these piezoelectric scanners is their low sensitivity of a few nm/volt. With a typical
noise floor of 10 mV for high voltage operational amplifiers, the smallest movement that
can be obtained with a piezoelectric actuator is about 30 pm and is more than sufficient to
resolve atoms.

The maximum expansion of a piezoelectric actuator is described by the following
equation:

ij

o

where E is the applied electric field strength (V/m), dij is the piezoelectric strain
coefficient (m/V) and La is the length of the piezoelectric (m). The term dij is substituted
with dss when the strain is parallel to the plane of polarisation of the ceramic. Substitution
of dsi for dij describes the strain that is orthogonal to the plane of polarisation of the
ceramic.

In the following sections, the most popular piezoelectric scanner configurations used in
scanning probe microscopy, namely the tube scanner and the tripod scanner are
discussed.
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1.6.2.1

Tube scanner

The tube scanner consists of a thin walled tube with electrodes coated on the inner and
outer walls. Furthermore, the electrode coating on the outer tube wall is split into four
longitudinal quadrants. These four outer electrodes are designated Xi,X2,Yi,Y2 as shown
in figure 1.7(a). Application of an electric field between any of the outer quadrants and
the inner tube produces mechanical displacements of the tube scanner, primarily in the
region of the quadrant. By placing reverse polarity voltages on the opposite quadrants of
the PZT, such as Xi and X2, and connecting the inner wall (Z) to ground, the tube can be
made to bend as depicted in figure 1.7(a). Due to the monolithic construction of the tube
scanner there is mechanical cross-talk between all the quadrants.

Displacement of a piezoelectric tube scanner is also described by equation 1.6 by
substituting IVt for Lo, where t represents the tube thickness. In the case of the
piezoelectric tube scanner, overall changes in tube length are accomplished by applying
an electric field to the inner electrode and all four quadrants. Since this extension is
orthogonal to the plane of polarisation, the term d3i is used in equation 1.6.

The XY scan range of a piezoelectric tube increases with the square of its length.
Furthermore, a linear increase in scan range results from decreases in the tube diameter
and the wall thickness. Thus long, narrow tubes with thin walls have larger scan ranges.
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1.6.2.2

Tripod scanner

The tripod scanner consists of three independent piezoelectric actuators that expand and
contract lengthwise. The X, Y and Z actuators are arranged orthogonally to one another
as depicted in figure 1.7(b). Scanning in the X and Y direction is accomplished by
pushing against a spring-loaded frame. One example of such an arrangement is illustrated
in figure 1.8 and consists of a pendulum structure with each X and Y piezoelectric
actuators pushing against a spring. The Z actuator is located at the end of the pendulum.
The scan range of each actuator is dictated solely by its length.

Figure 1.7

X

(b)
Schematic of (a) tube scanner and (b) tripod scanner
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Figure 1.8

Pendulum
scanner design

Photo
detector

Laser
Diode
X-scan
piezo
Z-scan
piezo

Mechanical
spring

Scanner
movement

Schematic diagram of a cantilever scanning stage utilising a pendulum design.
Incorporating the optical components and the cantilever holder within the pendulum
stage ensures that these move in unison whilst the X and Y piezoelectric transducers
generate the scan displacement by pushing against the spring.
:■

1.6.2.3

'tKi- ■

Tube scanner versus tripod scanner

One major advantage of the tripod scanner over the tube scanner is its ability, with
careful design, to decouple the X, Y and Z movements. As cited earlier, such decoupling
is not possible with the tube scanner due to its much simpler construction from a single
piece of piezoelectric material.

Greater lateral scan ranges are possible with tripod scanners, particularly when a
mechanical lever is used as shown in figure 1.8. Tube scanners can also have their lateral
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scan range extended by adding an extension piece to the end of the tube scanner although
extreme care must be taken to maintain rigidity in the extension. The mass of such an
extension will compromise the scan rate of the scanner.

Lieberman et al. [26] incorporated piezoelectric tube scanners in a scan assembly using
monolithic flexures as the return springs. This design reported a scan range of over 40 /im
and its unique design ensured that the sample scanned in a plane, unlike conventional
tube scanners and tripod scanners configured in the pendulum arrangement, which scan in
a curve.

Another interesting design that surmounted the modest range of piezoelectric scanners in
cryogenic environments was reported by Siegel et al. [27] to give a scan range of 2.2 mm
in air. However, the primary design goal of this scanner was to offer large scan ranges at
cryogenic temperatures where a scan range of 275 /xm was demonstrated. This design
made use of four piezoelectric benders with electrode segmentation in an attempt to
produce displacements of the sample that remained orthogonal to the sample plane.

1.6.2.4

Scanner distortion

The extension and contraction of piezoelectric elements are not linearly proportional to
the applied voltage. This is especially true for the piezoelectric tube scanner. Figure 1.9
shows the X-axis displacement of a tube scanner for increasing and decreasing voltages.
The resultant displacements are non-linear and show significant hysteresis.
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Figure 1.9

Scan voltage (Arbitrary Units)

X-axis displacement data for a piezoelectric tube scanner plotted for forward and
reverse scans reveals hysteresis in the scanner displacement. The perfect instrument
line bisects these curves.

Similar behaviour (not shown) affects the tube scanner in the Z direction. The simulated
image shown in figure 1.10, which is exaggerated for illustrative purposes, demonstrates
the catastrophic effects that scanner distortion can have on the validity of an image. This
image should show a periodic array of circular pads. In the first instance, scanner non
linearity has altered the dimensions of the pads in the X and Y directions. Furthermore,
when a tube scanner goes to a comer of the scan, two neighbouring X and Y quadrants
are activated and work together, whereas half way along the side of the scan the activated
quadrants have to work against its static neighbours. This adds a ‘pin-cushion’ type
distortion to the image.
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In addition to non-linear displacements, piezoelectric scanners also suffer from drift.
Following the application of a step change in voltage the scanner moves to a new
position. Unfortunately, the displacement of the piezoelectric scanner then drifts slowly
in the same direction as the step change. This drift is quite small and is related to the
polarisation subsequent to the application of a voltage.

Piezoelectric drift decreases logarithmically with time t and can be calculated by the
following equation:
AL(r) = AL 1 -1-

* log

f-11

....1.7

where AL is the expansion 0.1 seconds after the step change and }^is the drift factor which
is determined by the piezoelectric properties and the load experienced by the actuator.

Drift and hysteresis effects can be eliminated to a large extent by incorporating an
integral position sensor with each actuator and establishing a positional feedback loop.
Such sensors may measure actuator position from changes in its strain or from its position
relative to a capacitive, inductive, eddy current or optical displacement sensor. Of these
techniques, the capacitive sensor provides the highest resolution at approximately 10'
[28].
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m

Figure 1.10
Pin-cushion
distortion

Non-linearity in
the X-direction

Non-linearity in
the Y-direction

Illustration of scanner distortion (exaggerated) in an image. This image should show a
periodic array of circular pads. In the first instance, scanner non-linearity has altered
the dimensions of the pads in the X and Y directions. Furthermore, when a tube
scanner goes to the comers, neighbouring X and Y quadrants work together, whereas
half-way along the sides the quadrants work against their neighbours. This adds a
'pin-cushion' type distortion to the image.

An instantaneous response of the piezoelectric scanner to step changes in the applied
voltage is desired for scanning probe microscopy applications. However, a piezoelectric
element has a minimum response time

that is dictated by its resonance frequency/« as

per the following equation:
1
3* Jo
f
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...1.8

Piezoelectric scanners are susceptible to changes in ambient conditions such as humidity
and temperature. These changes can alter the piezoelectric characteristics and can speed
up the loss of the piezoelectric effect over time. Therefore, one must exhibit extreme care
when applying these scanners. Ongoing calibration is crucial so that the behaviour of the
scanner is known over time.

In an attempt to alleviate the above scanner problems, Heider et al. [29] designed a
piezoelectric scanner that used only single domain lithium niobate (LiNb03) crystals as
the piezoelectric material. This design mitigated the effects of non-linearity, hysteresis
and drift and produced distortion free motion with sub-nanometre resolution.
Unfortunately, this piezoelectric scanner had a very limited scan range of only 50 nm.
Whilst this range is sufficient for atomic resolution imaging of crystals, it renders this
design unsuitable for most applications.

Electrostrictive materials have been considered but unfortunately, they undergo a
dimensional change that is proportional to the square of the applied voltage. This intrinsic
and severe non-linearity, coupled with their unipolar characteristics, has meant that
piezoelectric actuators continue as the material of choice.

1.7

Tip-Surface Interactions

1.7.1

van der Waal forces

In vacuum environments, the forces between atoms or molecules of the tip and the
surface can be classified according to whether they are short or long range and repulsive
or attractive. The first interaction forces that arise as a tip approaches a sample are due to
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a long range attractive force that occurs at tip-sample distances from more than 100 nm to
about 0.2 nm.

In general, these van der Waal (vdW) forces can be either attractive or repulsive. They
comprise induction forces that stem from the interaction of a dipole with an induced
dipole, orientation forces that arise from an interaction between two oriented and
permanent dipoles, and dispersion forces that are quantum mechanical in nature and arise
from interactions between induced dipoles.

Every atom contains an instantaneous dipole moment that will act on a nearby atom to
generate an instantaneous induced dipole moment. These dispersion forces do not follow
a simple power law and their potential is approximately proportional to 1/r^ (London
Forces).

1.7.2

Leonard-Jones potential

When the tip approachs within a few tenths of a nanometre of the surface it begins to
experience short-range repulsive forces. These repulsive forces rapidly increase as the
tip-sample distance is further reduced due to the overlap of the electron clouds of their
respective atoms. The ionic repulsion is the reason for the repulsive force in the LennardJones potential. This Lennard-Jones potential combines the attractive vdW forces and the
repulsive atomic potentials:
xl2

(7

co{r) = Aco^

'

rJ

/
>

x6

(7

....1.9

Vr

where coo is the energy at the equilibrium separation distance, r is the separation distance
between the atoms and cris the radius of an atom.
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1.7.3

Hamaker constant and polar immersion fluids

The Hamaker constant characterises the relative permittivities of the tip, the sample and
the surrounding medium. Therefore, the Hamaker constant together with the tip radius
and tip-sample distance determines the magnitude of the vdW forces. An equation
relating the vdW forces to the Hamaker constant is given by

HR

6s^

....1.10

where s is the tip-sample separation distance, H is the Hamaker constant and R is the tip
radius. Considering that the Hamaker constant is characterised by the permittivity of the
medium surrounding the tip and sample, this dependence can be exploited to reduce these
vdW forces. Polar immersion liquids can cause considerable retardation of these vdW
forces and through careful selection may even cause the tip-sample interaction to change
from attractive to repulsive. However, if the tip and sample consist of the same material,
then the vdW forces are always attractive. Furthermore, in vacuum environments vdW
forces between the tip and sample are always attractive.

1.7.4

The force-distance curve

Figure 1.11 shows the effect of a SFM tip approaching a surface. The X-axis of the curve
represents the tip-to-sample separation distance with the tip approaching the sample
surface as we move from right to left, whilst the Y-axis represents the force. Below the
X-axis the net force is attractive, whilst the net force is repulsive above the X-axis.
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Figure 1.11

The main diagram shows an idealised force-distance curve. The upper inset shows a
typical force-distance curve obtained for a silicon tip approaching a silicon surface in
air. At A, the approaching tip snaps into contact with the surface. Following retraction
of the cantilever, the tip remains in contact with the surface until the tip is released at
B. The force-distance curves in the main diagram and in the upper inset are really
force-cantilever displacement curves as obtained from the microscope. When
converted into true force- tip to surface distance curves the slope of the contact regime
is much steeper as indicated in the curve shown in the lower inset.

Initially, a large distance separates the tip atoms from the sample atoms. As the tip is
brought within close proximity to the surface it encounters capillary forces from the water
layer present on all surfaces in air. This is illustrated in figure 1.12. For example, Grigg et
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al. determined the boundary of a water layer and air to occur at a distance of 15 nm from
a mica surface [30].

Figure 1.12

Illustration of a tip trapped within an adsorbed water layer on the sample
surface.

These strong capillary forces give rise to mechanical instability of the cantilever,
producing a snap-to-contact. In particular, these forces may press the tip into the sample
surface with forces which may exceed the minimum required to image delicate samples.
Furthermore, contact occurs over a larger area due to plastic deformation of the tip and/or
the sample. This limits the ability to acquire high-resolution images since surface features
smaller than the contact area cannot be resolved. Once these capillary forces exceed the
force of the cantilever spring, the tip undergoes a mechanical instability that produces the
snap-to-contact illustrated by A in the inset of figure 1.11. Following this snap-to-contact,
the attractive forces act to compress the uppermost atoms of the tip against the sample
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surface, possibly leading to sample and tip deformation. When the cantilever is
withdrawn, the tip remains in contact with the surface due to strong surface adhesive
forces. Eventually, the tip snaps out of contact when the cantilever spring force exceeds
that of the adhesive forces, as illustrated by B in the upper inset of figure 1.11.

Each specific tip and sample interaction create a unique force curve which can be viewed
as a fingerprint for the particular interaction. Information on adhesion forces can be
extracted from these force curves for a tip in contact with a surface. This can give an
estimation of the lateral forces acting on a tip as it is scanned across the surface.
Following contact, the linear deflection of the cantilever together with a known cantilever
spring constant can be used to calculate the force applied by the tip on the surface.
Choosing a set-point along this linear region of the force curve allows one to specify the
magnitude of the imaging force.

The force-distance curves in the main diagram and in the upper inset of figure 1.11 are
really force-cantilever displacement curves as obtained from the microscope.

When

converted into true force- tip to surface distance curves the slope of the contact regime is
much steeper as indicated in the curve shown in the lower inset of figure 1.11.

Measurement of the forces between the tip and surface over the full approach distance of
the force curve is often hampered by cantilever instabilities that cause it to snap to
contact. Jarvis et al. [31] demonstrated the use of a feedback method to maintain the
cantilever in a fixed position using a magnetic field. This magnetic field countered the
tip-surface forces that cause mechanical instabilities associated with the snap to contact.
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Similarly, a recent technique [32] used magnetic levitation to measure forces acting on a
tip when it approaches a sample surface.

Figure 1.13

i Coil
Tip mounted
on magnetic disc.

Laser Diode

Photo-Detector

Schematic diagram of the magnetic levitation microscope [32].

The principle of this technique is illustrated in figure 1.13. The position of the tip is used
as a feedback signal to maintain the magnetic disc in an equilibrium position by setting
the magnetic field from the coil. Detecting the shadow of a laser beam with a quadrant
photo-detector enabled the position of the magnetic disc to be determined. The force
required to maintain the magnetic disc in an equilibrium position is sensed as the tip
approaches the sample surface. This technique allows a force-distance curve to be
generated over the full approach distance without encountering any instability.

32

1.8

Contact Mode Imaging

Contact mode imaging operates in the repulsive regime of the force curve as illustrated
earlier in figure 1.11. This mode can be considered to be the conventional SFM imaging
mode with its imaging stability having led to widespread use. Its very short-range
repulsive forces give this imaging mode its potential for high resolution. These repulsive
forces can be exploited for a wide range of applications and can be used for both hard and
soft samples. The cantilevers used in this mode usually have a low spring constant,
typically ranging from 0.05 N/m to 0.5 N/m. The low spring constant helps to prevent tip
induced distortion of the sample surface by maintaining a soft physical contact. WTiilst
lower spring constants may be desirable for imaging soft samples, minimising the
cantilever spring constant can lead to susceptibility to ambient vibrations as well as
thermal drift.

The action of the cantilever can be viewed as a spring pressing a tip onto the sample
surface with a force determined by the spring constant and the extent of spring
compression. In this way, the cantilever acts as the spring and the vertical cantilever
deflection gives information on the forces acting on the surface. The feedback signal in
this mode is derived from the cantilever deflection as detected by the position sensitive
detector (PSD). This feedback signal drives the piezoelectric scanner in the Z direction to
maintain a constant cantilever deflection. In this way, the piezoelectric drive signal
provides the image data set. By sustaining a constant deflection of the cantilever the tip
exerts a constant force on the sample surface. For this reason, images acquired in contact
mode are sometimes referred to as profiles of constant force. However, temperature
fluctuations can also bend the cantilever. The control loop is unable to discriminate
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between temperature variations and sample topography and will change the loading force
to keep a constant cantilever deflection. Hence, variable forces may be imaged which can
lead to the false interpretation of images in extreme cases.

Another variation of contact mode, termed variable deflection mode, does not employ
feedback. Instead, the deflections of the cantilever are detected as the tip slides over the
sample surface. As there is no control of the cantilever deflections, variable forces are
exerted on each point of the sample by the tip. For flat surfaces, these forces seldom
exceed a few percent, but where larger forces are encountered, the influence of the local
force gradient has to be taken into account in order to correctly interpret the images,
particularly lateral force images.

Lateral forces acting on the cantilever during imaging in contact mode flex the cantilever
along its length. Flexing of the cantilever is caused by adhesion of the sample surface to
the tip as it traverses the surface. Both the vertical deflections and the flexing of the
cantilever are simultaneously detected by the quadrants of the PSD. The ability of the
microscope to simultaneously map these lateral force signals provides friction-like
information about the sample surface.

Images can also be generated by the error signal that is produced from the difference
between the set-point and the feedback signal. The feedback loop characteristics are
optimised to reduce this error signal. However, some residual error signal will always
remain due to the dynamics of the closed loop system response. The error signal produces
images with an enhanced contrast of edge features that arises from its intrinsic differential
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nature. However, because the error signal produces image contrast from the slopes of
surface topography these images do not contain height information.

Following contact between a tip and surface in air, it is customary to retract the cantilever
to a position just before the tip is released from the surface. This will bend the cantilever
towards the surface in an attempt to balance the capillary forces with the cantilever
spring. Whilst this technique can minimise the contact forces under ambient conditions,
the cantilever is vulnerable to being released from the surface when imaging.
As discussed earlier, the predominant forces experienced during contact mode in vacuum
are van der Waals forces. Using weak cantilever springs gives rise to the same
phenomenon of snap-to-contact. Since the strength of the van der Waals interaction is
dependent on the tip area, using very sharp tips can significantly reduce surface adhesion
following contact.

The scanning force microscope can also be used to determine the mechanical properties
of surfaces with previously unprecedented resolution. Testing of mechanical properties
such as surface wear, adhesion, friction hardness and surface elasticity can be carried out
using these microscopes.

Other applications include modification of cantilevers to allow imaging of magnetic and
electrostatic forces. This has allowed the scanning probe microscope to be used
successfully to image magnetic microstructures and the disparity of surface charge carrier
density.
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1.9

Elastic and Inelastic Tip-Surface Interactions

The slope of the contact regime in figure 1.11 indicates whether the tip indents the
sample or not. For a hard sample such as glass or silicon with a diamond coated tip, it is
assumed that there is no indentation and the slope of the contact regime (a vertical line in
a true force-distance curve) corresponds to the movement of the cantilever. Softer
samples will therefore have a shallower slope and the difference between the two slopes
enables the extent of sample indentation to be determined.

For the purpose of modelling the tip-sample interaction for soft samples, the following
Hertz model has been applied by Radmacher et al. [33] to give the relation between the
tip indentation and the force applied at the tip:

sphere

4 E 4rs 3/2
3 (l-v)

....1.11

The subscript sphere denotes that the tip is modelled as a sphere indenting a soft sample,
where E is Young’s Modulus, vis the Poisson ratio of the sample, R is the tip radius and
^is the tip indentation.

However, experimental observations have shown that the numerical results obtained by
approximating the tip shape to a cone models the elastic indentation more precisely.

Such calculations use the following equation [33]:
^rone “ ~ —~— tan(cir)
2 (l-v)
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....1.12

where ciris the opening angle of the cone.

1.10

Contact Mode Imaging in Environments other than Air

Contact mode imaging in air is hampered by the adhesion of the tip to the sample surface.
For biological samples and other soft samples such as polymers, this adhesion seriously
limits the spatial resolution. For example, the loading force may depress the membrane
of a cell so much that the internal structure is imaged rather than the surface of the
membrane. During imaging, the sample surface may be deformed by the moving tip.
Altering the environment of the sample is one strategy that can be used to try to
overcome such difficulties.

1.10.1

Liquids

In the first instance, imaging in a liquid using contact mode eliminates the capillary
effects on the tip. Furthermore, imaging in a liquid environment allows a medium to be
selected that has an effective refractive index that is intermediate to those of the tip and
sample. This can lead to a reduction of van der Waals forces of up to two orders of
magnitude and presents an opportunity to image delicate biological samples at higher
spatial resolution than is possible in air. Using water as an imaging medium generally
attenuates the van der Waals forces by a factor of ten for most tip-sample interactions.

Additionally, use of an appropriate buffer solution for imaging biological samples
presents the advantage of maintaining the biological specimen in their native
conformation and environment. Moreover, careful choice of a liquid medium permits

37

control of the Hamaker constant that ultimately controls the van der Waals forces. In this
way, the van der Waals forces can be minimised by careful choice of a polar immersion
liquid. Furthermore, the sign of the van der Waals forces can be reversed and cause a
transition from attractive to repulsive tip-sample forces.

1.10.2

Low temperatures

Another way of dealing with the difficulties of imaging soft samples in contact mode is to
use a cryogenic SFM. Cooling the sample to liquid nitrogen temperatures substantially
reduces thermally induced movements of soft materials and stiffens their surfaces. Shao
[34] has developed a contact mode SFM, using optical lever detection, that operates in
the cold nitrogen gas that sits above the liquid nitrogen within a storage dewar. This
instrument routinely images the Y structure of immunoglobulins. Other workers [35]
have demonstrated the effectiveness of the piezoresistive cantilever for such instruments
although due account has to be taken of the reduction in piezoelectric displacement that
occurs at cryogenic temperatures.

1.10.3

Ultrahigh vacuum

The absence of capillary forces in vacuum environments alleviates any trapping of the tip
by capillary forces. Hence, imaging in vacuum environments presents an ideal medium
for examination of probe-sample interfaces where separation of the different force
components acting between the tip and surface leads to a better understanding of image
contrasting mechanisms. By operating in ultrahigh vacuum it is possible to clean surfaces
and maintain them clean for a number of hours.
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Ultrahigh vacuum operation of scanning force microscopes is complicated by the need
for the remote alignment of the optical and electro-optic components that sense the
cantilever deflection [36, 37]. Materials for the construction of the scanning force
microscope must be ultrahigh vacuum compatible and capable of withstanding the
temperatures (up to 300®C) necessary during system bakeout.

Although using

piezoresistive cantilevers would simplify the design and construction issues, most
ultrahigh vacuum applications of SRVl concern atomic resolution imaging of crystals, a
task for which the piezoresistive cantilever is currently not suited.

At first sight, the dehydrated environment of ultrahigh vacuum seems completely
inappropriate to biological samples. However, Ratner [38] has pioneered the application
of ultrahigh vacuum based surface analysis techniques such as X-ray photoelectron
spectroscopy to biological samples by using cryo-fixation techniques devised for SEM.
This opens the prospect for future SFM applications on such samples in ultrahigh
vacuum.

1.11

Summary

The invention of the scanning tunnelling microscope has led to the creation of a family of
scanning probe microscopes. By operating in the near-field, as opposed to the far-field of
conventional microscopes, these instruments have delivered unprecedented spatial
resolution with two of the techniques being able to image individual atoms. The most
important technology that has enabled such performance has been the piezoelectric
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actuators used to position the probes within nanometres of the sample surfaces under
study.

Within the scanning probe microscopy family, the scanning force microscope is the most
versatile member, being able to image all classes of material in air, liquid and vacuum.
Whilst the scanning force microscope quickly found wide application to the imaging of
biological samples, it was recognised that the contact mode of imaging created
difficulties due to the application of excessive forces. To minimise sample damage when
imaging biological samples, Persson [39] calculated that the forces exerted by the tip on
the surface should be no higher than lO ’* N. This need triggered developments in
scanning force microscopy that are discussed in the next chapter.
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Chapter 2

Non-Contact Scanning Force Microscopy
In chapter 1, contact mode scanning force microscopy was described and the difficulties
in imaging soft samples were discussed. In this chapter, the concept, theory and
implementation of non-contact mode scanning force microscopy are discussed. Noncontact mode overcomes the limitations of contact mode and thereby allows the technique
of scanning force microscopy to be successfully applied to biological samples and other
soft samples such as polymers.

2.1

Non-contact Mode Imaging

In chapter 1, the role of the tip-sample interaction was discussed in the context of contact
mode imaging. With contact mode, the scanning force microscope is operated in the
repulsive regime that is highlighted in red in figure 2.1, an adaptation of the earlier figure
1.11. It is clear from figure 2.1 that the presence of the surface is felt by an approaching
tip well before contact is actually made. Thus, there is an opportunity to image the surface
in the non-contact regime that is highlighted in blue in figure 2.1.

As discussed in chapter 1, the slope of the force-distance curve, i.e. the force gradient, is
very steep in the contact regime compared to that in the non-contact regime. A DC
method of detecting cantilever deflections, such as that used in contact mode imaging, is
unable to accurately control the position of the cantilever with respect to the surface and
so, an AC method is required.

41

Figure 2.1

An adaptation of figure 1.11 showing the contact, non-contact and intermittent contact
regimes. The lower inset shows a true force-contact curve obtained when the
cantilever displacement is converted into the actual tip-sample distance.

In non-contact mode, the cantilever is oscillated, usually but not necessarily at its
resonance frequency, in order to detect the forces, or more specifically the force gradient,
in the attractive regime of the force-distance curve illustrated in figure 2.1. A force
applied to an oscillating cantilever loads the cantilever and this can be detected from
changes in the phase, amplitude or frequency of the oscillations.
Cantilevers employed in this mode should ideally have a high spring constant, relative to
contact mode, and a high resonance frequency. However, too high a spring constant
would render the cantilever insensitive to surface forces. Typical cantilever spring
constants for non-contact cantilevers lie in the range of 5 to 100 N/m, values that are
much higher than those routinely employed for contact mode imaging.
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There are three non-contact modes that differ according to the amplitude of vibration of
the cantilever and the mean position of the cantilever with respect to the surface:
•

Intermittent contact

•

True non-contact

•

Near non-contact

These are discussed below, with the aid of figure 2.2, in the context of imaging in air in
the presence of an adsorbed water layer.

Figure 2.2

(b)

(a)

(c)

Schematic showing the three different non-contact imaging modes where their
respective amplitude of cantilever oscillations differentiates these from each other.
These modes are (a) true non-contact mode, (b) near non-contact mode and (c)
intermittent non-contact mode. In (a) the tip oscillates within the water layer adsorbed
on a surface where the mean tip position is within the water layer. The tip exits the
water layer at the top of its swing in (b) but the mean tip position is close to the water
layer to a small extent. In (c), the tip freely enters and exits the water layer due to its
large amplitude. The mean cantilever position in (c) is located outside the water layer.

2.1.1

Intermittent Contact

This mode is known as intermittent contact and Tapping Mode™. As both names suggest,
in this mode the tip makes brief intermittent contact with the sample surface on each
downward cycle of the cantilever. Large unperturbed cantilever oscillation amplitudes,
ranging in the hundreds of nanometres, lead to the storage of considerable kinetic energy
in the cantilever. This energy allows the tip to penetrate the adsorbed water layer on the
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downward cycle and to overcome both the surface adhesive forces and the water layer
meniscus forces on the upward cycle, thus sustaining the cantilever oscillations. Reduced
amplitude of cantilever oscillation imparts less energy to the cantilever movement,
leading to insufficient energy in the cantilever motion to overcome surface forces on its
upward swing.
This method can improve image resolution on soft samples, particularly ones with
viscoelastic behaviour if the tip contact time is too short to allow relaxation of the sample
surface. Hence, the surface appears inflexible and therefore it is possible to acquire
images with a minimum level of sample perturbation.
Under ambient conditions, high oscillation amplitudes are required to overcome the strong
capillary forces in order to maintain cantilever oscillations. This higher oscillation
amplitude imparts sufficient energy to the cantilever to overcome these forces but can
result in an increase in the energy being dissipated into the sample surface following
impact. On hard samples this can blunt an otherwise sharp tip and lead to a decrease in
spatial resolution. In order to minimise sample deformation the energy imparted to the
sample surface following impact should be minimised.
This requirement for the tip to gently tap the sample surface can be attained by using
lower cantilever oscillations. However, like contact mode, this lower amplitude
requirement leads to a mean tip-sample distance that increases the chance of the tip being
trapped by meniscus forces. This intermittent contact has been shown to give an
improvement in image resolution over true non-contact mode since the tip interacts
repulsively with the surface. Therefore, compared with imaging of surface forces in true
non-contact, intermittent contact indirectly "feels" the surface contours.
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2.1.2

True Non-Contact

In this mode, low amplitude cantilever oscillations keep the cantilever motion within the
adsorbed water layer. Due to the very small amplitudes, typically a few nanometres, this
imaging mode is the most unstable of the non-contact modes in air and can frequently
lead to the tip crashing into the surface. However, operation in water environments
eliminates meniscus forces, which results in a significant increase in the controllability in
this mode of non-contact.

2.1.3

Near Non-Contact

A free air amplitude of cantilever oscillations intermediate to those employed by true noncontact and intermittent non-contact are used in this mode. In contrast to intermittent noncontact mode, the reduced oscillation amplitude leads to an insufficient energy to
penetrate the adsorbed water layer present on surfaces under ambient conditions.
Therefore this mode suffers the drawback that the tip may image the adsorbed layer rather
than the surface itself, leading to a dramatic reduction in resolution.

2.2

Means of Oscillating Cantilevers

There are four methods that have been used to date to oscillate cantilevers for non-contact
scanning force microscopy:
•

Piezoelectric

•

Acoustic

•

Magnetic

•

Current

These are illustrated in figure 2.3 and are described below.
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Figure 2.3

Electrical
connection

Piezo speaker

Piezoelectric actuator

Solenoid

Illustration of the four different cantilever excitation methods.

2.2.1

Piezoelectric

The original method employed in SFMs for inducing cantilever oscillations involved
vibrating the cantilever body with a piezoelectric transducer [40]. An additional
piezoelectric transducer can be incoiporated within the SFM for this purpose, as depicted
in figure 2.3. Alternatively, in situations where the cantilever is mounted on the Z
piezoelectric scanner, a portion of the Z scan range may be assigned to accomplish this
objective.
2.2.2

Acoustic

A piezo speaker placed within the vicinity of the SFM excites cantilever oscillations
through acoustic effects [41]. The speaker does not need to be mounted close to the
cantilever, but requires optimum positioning in order to effectively couple acoustic waves
to the cantilever.
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2.2.3

Magnetic

A cantilever can be magnetised either by attaching a magnetic particle or by applying a
magnetic coating [42]. This cantilever can be excited into oscillation by generating
alternating magnetic fields in close proximity to the cantilever with a solenoid, as depicted
in figure 2.3. Since magnetic field gradients decrease rapidly with increasing separation
distance, this solenoid needs to be placed either directly above or below the cantilever.
2.2.4

Current

Coating the back and the main body of the cantilever with a metallic material permits the
implementation of another variation of magnetic excitation [43]. Subsequent removal of
the conductive coating along the centre of the cantilever body, using for example a sharp
scribe, forms a conduction path along the cantilever. Alternatively, this path can be
achieved by careful masking prior to the coating process.
This allows electrical connections to be attached to the end of the cantilever body, as
depicted in figure 2.3. In this way, alternating current can be directed along the arms of
the triangular cantilever. A permanent magnet, or a solenoid with a DC current flowing
through it, placed in close proximity to this cantilever interacts with the magnetic field
generated by the flow of alternating current, thus inducing cantilever oscillations.

2.3
2.3.1

Behaviour of Oscillating Cantilevers
Modelling cantilever oscillation

Implementing non-contact mode relies on some mechanism for inducing cantilever
oscillations. This can be accomplished by mounting the base of the cantilever on a
piezoelectric transducer where the application of a sinusoidal drive signal induces
oscillations. A second order differential equation given in equation 2.1 which describes
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the motion of a loaded spring can be approximated to describe the motion of the base of
the cantilever using this method [44].

M

dt^

+

//— + k [u - acoslcot)] =0
dt
^ '

....2.1

where the coefficient H is the damping constant, a is the excitation amplitude and M is the
mass of the cantilever.

2.3.2

Natural frequency of a cantilever

The natural resonance frequency for an undamped cantilever can be represented by the
following equation [44]:

(Or,

2

3.516
or (Oq = ------ 7
{mLf

=

....2.2

NM

with

I=

b(x)h
12

....2.3

where (Oo is the resonance frequency, k is the spring constant, E is the Young's Modulus, I
is the inertia of the cantilever section,

is a constant and h and b(x) are the thickness and

width of the cantilever section respectively. N and m are corrective factors that allow
these formulae to be applied to various cantilever geometries. In the case of a rectangular
cantilever we have N = 0.24 and m = 1 whereas for a triangular type cantilever
0.85<m<0.93 and 0.13<N<0.18. Hence this equation for rectangular cantilevers can be
applied to any lever with an equivalent length of L* = mL. The spring constant of a

48

cantilever can be determined from manufacturer specifications. However, since the spring
constant of a cantilever is related to its thickness by t^, even minute variations of thickness
can lead to large variations in calculated spring constants.

Alternatively, the natural frequency for a cantilever consisting of a simple rectangular
form can be calculated from [45] :

/. =

2

(W+0.23WJ

....2.4

Substituting the various cantilever parameters required for calculation, this equation
develops to :

^Eg

/, =

2

1

y 12 y

pL^(l + 0.23L)

....2.5

where 4 is the moment of inertia of the cantilever with 4 = hn/12\ g is the acceleration
due to gravity, b, h and L are the width, thickness and length of the cantilever
respectively, E and p are the Young's modulus and density of the cantilever material
respectively; Wb is the self weight of the spring with Wb = pLbh and W is the weight per
unit length of the cantilever where W = pbh.

The frequency response of these oscillations can be described by the following Lorentzian
expression [46] :

A{q)) =

A^icojco)
^Q^{q)I cOq-cOq! coy
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....2.6

where cOo is the resonance frequency with cOo =cyk, Aq is the amplitude at resonance and
Q is the quality factor. The quality factor is obtained from

where Acois a measure of

the full width at half maximum of the resonance peak. In calculation terms, Acomay be
calculated at

2.3.3

1/V 2 of the resonance peak maximum.

Magnetic excitation mode

Although mounting the cantilever on a piezoelectric transducer is the most familiar
method for operation of non-contact, it more advantageous to apply a force directly to the
cantilever itself. This can be accomplished by exciting a modified cantilever through
interaction with an alternating magnetic field. Modifying the cantilever involves attaching
a magnetic particle to the end of the cantilever or by coating the cantilever with a
magnetic film. A coil placed in close proximity to such a cantilever can induce
oscillations by varying the magnetic field from the coil.
By positioning the cantilever in the symmetry axis of the coil core, the magnetic field
acting on the cantilever is given by [47] :

H. =

where

2(z^

...2.1

is the vertical component of the field acting on the cantilever, //ois the

permeability of the core, N is the number of turns of wire, / is the current through the coil,
R is the coil radius and z is the separation distance of the cantilever from the coil
measured along the axis of symmetry.
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If the cantilever is magnetised in a direction that is orthogonal to the cantilever then by
neglecting the x and y components of the magnetic field, it is possible to find the force
acting on the cantilever by an external magnetic field. Equation 2.8 gives this force as the
derivative of the magnetic field with respect to the separation distance between the
cantilever and coil.

,...2.8

F, =m —
Sz

where Fz is the magnetic force acting on the cantilever, m is the magnetic moment of the
cantilever, H is the magnitude of the magnetic field, and z is the separation distance
between the cantilever and coil.
Substitution of equation 2.7 into 2.8 yields

Forth =

3Z

jy

- mti.z

/_2

....2.9

where the superscript orth represents the orthogonal magnetic moment on the cantilever.

In situations where the cantilever magnetic moment is parallel to the cantilever, then the
force acting on the cantilever by an external magnetic field is given by

Fz = qmHz

....2.10

where qm is the magnetic moment at the end of the cantilever. If we assume that the
cantilever can be approximated to a bar of length 1, then the total magnetic moment is
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qm = m/1. Thus the force now acting on the cantilever is given by

F/piir = m—-7

....2.11

where the superscript par denotes that the magnetic moment is parallel to the length of the
cantilever and m is the magnetic moment of the cantilever.

2.3.4

Non-contact hydrodynamic forces

When an oscillating cantilever is in close proximity to a surface, fluid must be expelled
from the space between the cantilever and sample. This fluid, whether air or liquid, places
an additional drag force on the cantilever. In situations where a tip is approaching a
surface, the force required to expel this fluid may be estimated by [44] :

Fplane

3n fiR'' V

....2.12

where the subscript plane denotes the approximation of the sample and tip to a disc plane.
This expression may be applied to calculate the drag force for a tip with a flat tip apex.
However, modelling the tip as a sphere leads to a better approximation, where the force
acting at each point is given by [44] :
F.sphere

67rjuR^V

....2.13

In this case the subscript sphere indicates that the assumption is valid assuming a
spherical tip
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This equation can be applied when the distance between the tip and sample is smaller than
the tip radius where ^ is the viscosity of the surrounding fluid. Since these forces can be
problematic, the ends of commercial non-contact cantilevers are tapered in an attempt to
reduce these hydrodynamic effects on the cantilever.

2.3.5

Energy dissipation of tip in non-contact mode

If we consider the case where the cantilever is set oscillating at its resonance frequency by
mounting its base on a piezoelectric transducer, then the average energy dissipated into
the sample surface can be deduced from an analysis of the total energy in the cantilever
oscillations [48].

P =P +P

....2.14

Where P-^ is the energy imparted to the cantilever base by the oscillating piezoelectric
actuator, P^^ is the power dissipated by the cantilever body, and P,^^ represents the energy
dissipated by the tip. The bar over each symbol denotes that the average quantity is
implied.

Power dissipated by the cantilever body, Pq , is due to viscous damping of the cantilever
body and is influenced by such factors as air damping. This component of power
dissipation can generally be disregarded since we are only interested in the energy
dissipated by the tip
By integrating the instantaneous power delivered by the driver over one complete cycle
the average power imparted to the cantilever body is given by [48]:
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P. =

*/2

k Ad A (1) sin (p

....2.15

where cp is the phase of the cantilever oscillation relative to the drive signal. Ad is the
oscillation amplitude at the base of the cantilever body, A is the oscillation amplitude at
the end of the cantilever and O) is the driving frequency. From this equation it can be seen
that the maximum response occurs when the cantilever oscillations are 90® out of phase
relative to the excitation signal.

If we consider driving the cantilever at its resonance frequency, the power dissipated by
the tip into the sample surface can be simplified to [48]:

— ^

kw^A-

2Q

fAl sin ^

-1

....2.16

As can be seen from equation 2.16, the power dissipated into the sample surface can be
determined by a change in amplitude or phase of the cantilever oscillations relative to the
drive signal. By maintaining constant amplitude of cantilever oscillations, as routinely
employed in non-contact mode, variations in the power dissipated into the sample surface
by the tip will induce phase shifts in the cantilever oscillations. The importance of the sine
term in equation 2.16 must not be overlooked, since a sinusoidal oscillation response of
the tip is assumed. Any excessive deviation from a sinusoidal response can give solutions
to equation 2.16 that may not reflect the true power dissipation at the tip-sample
boundary.
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The energy stored in cantilever oscillations can be calculated from the simple equation
[49]:

ka'

....2.17

where a is the amplitude of cantilever oscillations and k is the cantilever spring constant.
Ideally, a cantilever with a weak spring constant should be used to probe the sample
topography with a low force. However, as can be seen from equation 2.17, this would
entail the use of larger oscillations to give the cantilever sufficient energy to overcome the
attractive forces on its upward swing. Insufficient energy would lead to the cessation of
oscillations whereby the tip is trapped into contact with the surface. However, as
discussed previously, cantilevers with weaker spring constants can render the system
susceptible to spurious resonance peaks arising from acoustic interference.

2.3.6

Forces in intermittent contact mode

For delicate samples such as biological specimen, an understanding of the tip-sample
interaction in non-contact mode is crucial for efficient operation of the scanning force
microscope. Large forces lead to depreciation of the sharpness of the tip and can cause
rearrangement of surface features in the vicinity of the tip-sample interaction.
In intermittent contact mode, the tip proceeds from non-contact tip-surface interactions to
contact ones. In the absence of capillary forces, the adhesive force experienced by the tip
as it approaches the sample surface is given by the van der Waal force at the interatomic
distance. An estimate of the surface energy using the Johnson-Kendal-Roberts (JKR)
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model to calculate the adhesive force as the tip approaches the sample surface is given by
[50]:

Fa

....2.18

= -3tcRYx

Where Fa denotes attractive forces and Yx represents the tip-sample surface energy. The
symbol x describes whether the tip motion is towards or away from the surface.

As the tip contacts the sample on its downward swing, the tip-surface interaction induces
an energy loss within the cantilever oscillations that can be related to the phase of the
cantilever oscillations, relative to the drive signal, by [50]:

CO

A, {(o)
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....2.19
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where coo and (O are the natural and excitation frequencies of the cantilever respectively.
Additionally, A, and Ao are the tip and free oscillation amplitudes respectively. The term
Ai(co)/Ao(co) gives the contribution due to elastic effects while the contribution from
inelastic effects is given by QEdis/TikAoA .
A tip that,momentarily taps the surface at the bottom of each swing is in contact with the
surface for a time x. The effective average loading force of the tip acting on the surface
during this time interval can be determined theoretically by the approximation [49] :

Pa.=kA,

An ( T
3 It
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....2.20

where A„ is the amplitude of cantilever oscillations, k is the spring constant, and i/T =
arccos [ {Ao - Ax) lAo ] / In. Using this approximation the average loading force for a
cantilever with a spring constant of k = 0.38 N/m has been shown to have an average
loading force of 2.8 nN when the set-point reduces the free amplitude of

= 15 nm by

33% [49].

2.3.7

Minimum force sensitivity of non-contact mode

Surface forces induce damping of the cantilever oscillation, thereby altering both the
frequency and amplitude of oscillation. Extracting the frequency or amplitude signal from
the cantilever oscillations can subsequently give information on the forces acting on the
tip. This information can be extracted either by frequency or amplitude demodulation.
The minimum detectable force gradient using amplitude demodulation (AM) detection is
given by [51]:

SF„

\2Ki^ K^TB
co^qI^A^)

....2.21

where Kl is the force constant of the cantilever, KbT is the thermal energy, B is the
measurement signal bandwidth, Q is the quality factor of the cantilever resonance, coo is
the resonance frequency and (A } \^ the mean square amplitude of the cantilever
oscillations. When amplitude demodulation is employed for feedback purposes, the
amplitude is held constant and changes in energy dissipated into the sample are described
by the sine of phase changes.
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Alternatively, with frequency demodulation detection (FM), an automatic gain control
(AGC) circuit is used to change the drive amplitude in response to variations in the
cantilever amplitude. This maintains a constant cantilever oscillation amplitude, thereby
allowing for frequency control of feedback, where the minimum detectable force gradient
is now given by [51]:

SF„

\AK, K,TB
COr q{a^)

IK^^So)

co„

....2.22

This is identical to the minimum detectable force gradient with AM detection. However,
the bandwidth and quality factor are not independent in AM detection. Increasing the
quality factor of cantilever resonance can lead to an increase in sensitivity. However,
since the amplitude of the cantilever oscillations experiences a delayed response to a step
change given by

t

= 2Q/co^ this also affects the system bandwidth. In analogy to this, the

frequency response of the cantilever oscillations do not experience a similar delay.
Furthermore, the bandwidth of the FM demodulator can be adapted to conform to the
particular application. Frequency modulation is therefore less susceptible to changes in
bandwidth following changes in the quality factor of cantilever resonance. When
compared to amplitude demodulation, oscillating the cantilever at resonance and
employing frequency demodulation for feedback purposes maintains a constant phase.
Changes in energy dissipated into the sample are then conveyed by changes in the
cantilever amplitude.
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2.4

Applications of Non-Contact Mode

Non-contact mode can also be applied to imaging of electrostatic and magnetic fields
above a surface. Both electrostatic and magnetic field forces are significantly longerranged than the van der Waals force. However, they obey a different power law and are
easily distinguished from vdW forces. These imaging modes are suited to imaging in
vacuum environments where different components of the attractive forces can be
separated, leading to a better interpretation of image contrast.

Coating of a tip with a magnetic substance will render the tip sensitive to magnetic fields
about a sample surface. In this way, magnetic images of such diverse materials as
magnetic recording discs and ferroelectric domain structures have been acquired.
The probing of electrostatic fields about a surface can be accomplished by applying a
small voltage between a conducting tip and sample. This will create a surface charge on
the tip that will repel like charges on the surface. Changing the polarity of this voltage
will invert the image contrast and can be used in a repetition scan to verify that image
contrast was due to surface charges.
When a cantilever is oscillated in liquid, its amplitude, frequency and quality factor are
significantly reduced by viscous damping forces. This has major consequences for noncontact mode scanning force microscopy in liquid environments.
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2.5

Discussion

Non-contact mode scanning force microscopy overcomes the limitations of contact mode
and allows the technique of scanning force microscopy to be successfully applied to soft
samples such as biological samples and polymeric materials. In air, this technique is still
affected by the water layer adsorbed onto the sample’s surface that so troubles contact
mode. There are three ways of operating non-contact mode, each being affected
differently by the meniscus forces arising from the adsorbed water layer. Crucially, this
effect is absent in vacuum and liquid, two environments in which non-contact mode
scanning force microscopy is consequently having a dramatic impact.
To operate, non-contact mode uses an oscillating cantilever and AC detection. Four
methods have been employed to excite cantilevers in non-contact mode, each method
offering specific advantages. Energy dissipation by the oscillating cantilever is of
paramount importance since this determines both the level of perturbation of a soft sample
and the damage to a tip on a hard sample. The force sensitivity of non-contact mode
depends on whether amplitude or frequency modulation techniques are employed, a
choice that must take into account the imaging environment. The oscillations of the
cantilever are crucially affected by the viscous damping characteristics of the
environment. In vacuum, the cantilever oscillations are unperturbed and frequency
modulation is very successful. In liquids, the amplitude, resonant frequency and quality
factor of the cantilever are drastically reduced, to the extent that the imaging performance
of non-contact mode in liquid is often inferior to that obtained in air.
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Chapter 3

Design and Development
In this chapter the design and development of the prototype SFM instrument is described.
The overall aim was to design and develop an instrument that would be as effective as
possible in imaging biological samples in liquid environments. As discussed in chapter 2,
the ability to operate in non-contact mode was essential. Furthermore, as discussed in
chapter 1, the optical lever method is the most sensitive method of detecting cantilever
deflections. Where there were design options available, the simpler option was generally
selected with the proviso that there should be no detrimental effect on the instrument’s
sensitivity.

3.1

Key Features of a Scanning Force Microscope

The basic components of any scanning force microscope are illustrated schematically in
figure 3.1. Whilst there are many ways of designing such an instrument, the instrument
needs the following:
•

a cantilever;

•

a sample;

•

a means by which the sample can be brought towards the cantilever using coarse and
fine movements;

•

a means of scanning either the cantilever or sample with respect to the other;

•

a means of detecting the deflection of the cantilever;

•

a control loop to keep the cantilever in a set proximity to the surface during scanning;

•

a display system to present images of the surfaces derived from the scanner movement
(XY) and the response of the control loop (Z);

•

for non-contact mode imaging, a means of oscillating the cantilever.
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Figure 3.1
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SCAN AND
FEEDBACK CONTROL
Key components required for a scanning force microscope.

So, whilst the principle of operation of the scanning force microscope is deceptively
simple, realisation of an effective instrument requires the design and integration of
precision hardware (optics, mechanics, electro-optics), high performance electronics
(analogue and digital) and complex software (scan control, image acquisition, image
processing). These three aspects - hardware, electronics, software - are illustrated in
figure 3.2 together with their functions within the scanning force microscope.
At the outset, there were two general design decisions that needed to be made. The first
was to determine whether the cantilever or the sample was to be scanned. The second was
whether to use a digital signal processor (DSP) for closed loop control and other
functions.
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Figure 3.2
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Distribution of functions in a scanning force microscope.

3.2

SFM

Scanning Techniques

As discussed in section 3.1, there are two possible scanning modes that may be employed
in SFM instruments. These entail scanning either the sample or the cantilever, each
method having advantages and disadvantages that are discussed below.

3.2.1

Scanned sample method

The scanned sample method represents the most straightforward SFM design and is
depicted in figure 3.3. The sample is mounted onto the piezoelectric scanner in this design
with the cantilever and detection system built into a separate SFM head. This separation
into two units enables modifications and adjustments to be made independently.
The design in figure 3.3 is inverted with respect to most SFM designs of this general type.
Usually, the scanner stage is the lower unit and this requires the liquid cell to sit on top of
the piezoelectric scanner, an arrangement that is prone to failure when liquid leaks.
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Figure 3.3
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Pictorial perspective of an SFM system employing a sample scanner stage.

The various components required to implement the optical lever technique are
incorporated within one rigid structure, thereby offering a high degree of immunity to
vibration. The absence of additional components within this section of the microscope
provides wide freedom of choice for the incident angle of the laser beam. Considerable
freedom to align the optical and electro-optical components and easy access to the laser
lens provides ample opportunity to optimise the optical lever sensitivity. The importance
of this capability for optimisation cannot be overstated, since the overall performance of
the instrument is dependent on this process [21]. Maintaining the cantilever in a fixed
position relative to the other optical components simplifies this optimisation procedure.
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This is especially useful as adding liquid to the fluid cell requires additional optimisation
due to refraction of the incident and reflected laser beams.
3.2.2

Scanned cantilever method

The second method consists of scanning the cantilever relative to the sample whereby
both the scanner and the optical and electro-optical components can be enclosed within
one system. This presents a more compact structure to that of the scanned sample
technique. Furthermore this method enables the SF"M to stand-alone, thereby allowing
very large samples to be imaged and the design of liquid cells to be simplified.
With the laser in a fixed position, a broad laser beam spot is required at the cantilever to
minimise fluctuations in the detector signal induced by cantilever motion. However, even
with a broad beam, changes in the optical power reflected from the cantilever can be
problematic [22]. Furthermore, this constraint eliminates the possibility of utilising the
large scan ranges offered by hybrid scanners. A novel approach to circumvent this
obstacle incorporates scanning the laser beam with the cantilever. However, this leads to a
more complex system that requires a highly precise mechanical design, thereby
inadvertently limiting the interchangeability of components and raising the cost
significantly. The optical paths of such instruments are more stringent in terms of
alignment, requiring very careful adjustment when used with liquids.
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Figure 3.4

Mechanical
spring

Schematic of a pendulum design for a scanned cantilever SFM. Incorporating the
optical components and the cantilever holder within the pendulum stage ensures that
these move in unison whilst the X and Y piezoelectric transducers generate the scan
displacement by pushing against the pendulum stage.

3.2.3

Scanned sample or scanned cantilever?

It is clear from the last two sections that both the scanned sample and scanned cantilever
methods offer their own distinct advantages. The primary reasons for choosing the
scanned sample method were the simpler design and the ease of future modifications.
Scanning force microscopy is a rapidly developing field and it was essential that the
design of the prototype would allow new concepts to be retro-fitted.
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3.3

PC Only versus PC + DSP

It is clear from figure 3.2 that the software is central to the proper operation of the SFM.
An early design decision had to be made on whether that software would reside solely
within the personal computer (PC) or would be distributed between a PC and a digital
signal processor (DSP). The latter has clear advantages in that the PC and DSP operate
independently, the DSP controlling the SFM hardware under instructions from the PC,
which is free to perform other tasks. These differences are indicated schematically in
figure 3.5.
In figure 3.5(b), the DSP controls the scanner, acquires data and provides the feedback
signal. This releases the PC for optimisation of image contrast during image acquisition.
Therefore, tasks such as the removal of sample tilt and optimisation of image contrast can
be performed without any adverse effects on the scanning speed. The primary advantage
of DSP is its ability to perform mathematical and logical computation of a feedback signal
in real-time. Amplitude, phase, and frequency data are readily extracted from the input
signal, thereby eliminating the need for external lock-in techniques. This allows the
feedback signal to be computed in real-time with user-defined proportional, integral and
derivative action, which eliminates the need for additional analogue circuitry.
Additionally, the capacity to imitate the functions of any analogue circuitry offers the
ability to implement advanced filters for the removal of noise. This early digitisation of
signals is of major benefit as the system becomes less susceptible to interference from
noise sources when compared to analogue circuitry.
Whilst the PC -f- DSP approach is favoured by commercial SFM manufacturers, the use of
analogue control and interface cards for data acquisition and data transfer represents a
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Figure 3.5

(a)

Schematic diagram showing the distribution of functions for (a) a PC only design and
(b) a PC + DSP design.
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cost-effective alternative to DSP. Furthermore, development of DSP based systems
requires particularly advanced programming skills and a consequent increase in the time
required to effect software changes. Accordingly, it was decided to locate all the software
within the SFM’s PC.

3.4

SFM Hardware

3.4.1

Design Issues

There are several design issues to be considered concerning the SFM hardware. Firstly,
flexibility and adaptability requires a modular stnicture so that the key components can be
changed without having to undergo major redesign and rebuilding. At the same time, the
design must be compact and as monolithic as possible. The development of the first STM
went through several cycles of instrument design [40]. The lessons to be learnt from that
experience about the hardware design are: keep it simple; keep it small; and keep it rigid.
Within the overall design constraint outlined above there were other specific design issues
concerning the hardware design. These were:
•

a means of mounting the cantilever and sample that facilitated easy interchange;

•

a removable piezoelectric tube scanner;

•

a kinematic mount for mounting the scanner stage onto the SFM head;

•

a coarse and fine approach mechanism using two manual and one motorised
micrometer screws;

•

a liquid cell;

•

a means of exciting the cantilever into oscillation.
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3.4.2

Scanning force microscope head

As illustrated in figure 3.6, the body of the SFM head was machined from one piece of
aluminium and provision was made for the attachment of the XY precision slides
(Ealing), onto which the laser diode and PSD are mounted. The laser beam for the optical
beam detection method strikes the back of the cantilever at 45°. The PSD is also aligned at
45° to the cantilever plane for detection of the reflected beam from the cantilever. The
position of both the laser diode and PSD are adjustable which allows some flexibility in
the location and alignment of the various components.

Figure 3.6

Sectional view of the aluminium body of the SFM head showing the location of the
main components required to implement the optical beam deflection technique. These
consist of a cantilever, laser diode and position sensitive detector (PSD).
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3.4.2.1

Laser diode module

The laser diode produces a beam with a wavelength of 670 nm and is capable of
producing a spot size of approximately 20 fim diameter at a distance of 25 mm from the
integral laser diode lens (Model LPD201-05 from Power Technology Inc.). This laser
diode module incorporates a regulated power supply giving the option of constant current
or constant optical power up to an output of 5 mW. Constant optical power was chosen as
position sensitive detectors have no means of discriminating between changes in light
intensity and cantilever deflections.

3.4.2.2

Position sensitive detector

The position sensitive detector (PSD) consists of a quadrant photo-detector (Model PinSpot/4D from United Detector Technology Inc.) which was selected for its high
responsivity and excellent stability over time and temperature. Furthermore, a gap of only
0.127 mm between adjacent quadrant photo-diodes ensured a high sensitivity to the
position of a miniaturised laser spot. A notch filter (Optometries Corporation) that allows
the passage of a narrow band of wavelengths centred at 671 nm was placed between the
cantilever and PSD. This prevents ambient light sources from generating spurious signals
from the PSD. A lens of 20 mm focal length was positioned close to the backside of the
cantilever in order to focus the rapidly diverging laser beam onto the PSD.
3.4.2.3

Liquid cell

The liquid cell was designed to be removable from the detector head in order to facilitate
cleaning and the interchange of cantilevers. A photograph of the liquid cell is shown in
figure 3.7. The design of the liquid cell is shown in figure 3.8. Cantilevers are glued
(Chemtronics CW2400 silver conductive epoxy) to silicon supports that are inserted into a
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locating slot on the top of the liquid cell. This liquid cell is machined from Macor™, an
inert machinable glass ceramic, to ensure maximum compatibility with liquids and to
minimise contamination.
The location for the cantilever support was machined precisely to a depth of 0.3 mm. The
thickness of the silicon cantilever support is 0.4 mm and this ensures that it sits slightly
above the top surface of the liquid cell following insertion. Two pieces of glass coverslip
with a thickness of 0.1 mm are glued to the surface of the liquid cell as illustrated at F in
figure 3.8. The glass pieces are flexible and press down onto the silicon cantilever
support, thereby keeping the cantilever in a fixed position. The minimal thickness of the
glass ensured that there were no significant protrusions to obstruct the approach of a
sample to the tip.

Figure 3.7

Photograph of the liquid cell and cantilever holder
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Figure 3.8

Schematic of liquid cell and cantilever holder. A cantilever (A) is glued to a silicon
support (B). The Macor^M insert (C) is placed on the liquid cell window (G) to assist
with insertion of the cantilever support. Following insertion, two portions of glass (F)
spring against the silicon support to retain the cantilever in position. Finally, the
MacorTM insert (C) is retrieved and the liquid cell (E) is fastened to the SFM head by
screws (D).

3.4.3

Scanner stage

An enclosed piezoelectric tube scanner stage is incorporated on a motorised platform to
enable computerised control of sample-tip approach. This motorised platform is equipped
with a tilt stage that allows the scan plane to be aligned parallel to the cantilever length.
The piezoelectric tube scanner is physically isolated from the sample location by a piece
of Parafilm^'^. This prevents liquid or vapour reaching the piezoelectric tube scanner by
capillary action or condensation.
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3.4.3.1

Sample tilt stage

Attachment of the sample to the piezoelectric tube scanner via a sample tilt stage enables
tilting of the sample in addition to tilting of the scanning plane, as illustrated in figure 3.9.
The sample holder is machined from Macor™ and is designed to accept circular
microscope glass slides onto which samples are mounted using glue (Lx)ctite Superglue).
This provides a sample stage that is easily cleaned in order to maintain a contamination
free area. Furthermore, the use of non-magnetic Macor™ to fabricate the sample holder
eliminates both the possibility of an attenuation of solenoid generated magnetic fields and
the development of spurious resonances from magnetic field excitation induced acoustics.
Removal of sample tilt in a sample scanning stage is best described with reference to
figure 3.10, where the sample slope is exaggerated for clarity. The scanning plane is
parallel to the cantilever plane at (a). A sloped sample gives the sloped profile indicated in
the graph of cantilever deflection versus sample movement. By tilting the scanning stage
in (b) so that the sample surface is now parallel to the cantilever plane the slope of the
profile remains unchanged as illustrated in the graph. Tilting of the sample itself
separately to the scanner as in (c), alleviates the slope problem as indicated by the
horizontal profile in the graph.
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Figure 3.9

Schematic of sample scanner stage. The sample (A) is glued to a circular microscope
glass slide (B). This is placed into a groove in the Macor™ sample platform (D) and
wedged in place using Parafilm™. Screws (C) and springs (E) allow tilting of the
sample platform (D) relative to the piezoelectric tube scanner (J). A solenoid (F) is
glued to a nylon support (G). Consecutively, the nylon support structure is fixed to the
scanner enclosure (K). The piezoelectric tube scanner (J) is isolated with Parafilm™
(I). The flexibility of Parafilm™ together with openings in the nylon allow adequate
freedom for movement of the sample platform assembly relative to the support
structure.

75

Figure 3.10

t
SCANNER
------------------ ►

(a)

(b)

(c)

Illustration of elimination of sample tilt in a sample scanning system.

3.4.4

Incorporation of cantilever excitation means

This scanning force microscope prototype was modified in order to incorporate three
different methods to induce cantilever oscillations. It was essential that these changes to
the prototype did not compromise the overall design.
3.4.4.1

Piezoelectric excitation

Initially, piezoelectric excitation of cantilever oscillations was accomplished by
positioning the piezoelectric transducer directly beneath the cantilever holder. By
electrically insulating the piezoelectric transducer, it was possible to incorporate it within
the aluminium liquid cell. However, this cantilever holder was susceptible to generation
of acoustics in the presence of an alternating magnetic field. This design was modified
following incorporation of magnetic excitation. In the revised design, the piezoelectric
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transducer was integrated within the SFM by securing it in a position underneath the
Macor™ liquid cell where it does not obstruct the laser beam path.
3.4.4.2

Magnetic excitation

The solenoid used for magnetic excitation was fabricated in-house using approximately
400 turns of 0.25 mm copper wire wound on a nylon support. Solenoids of different
configurations were investigated to determine their efficiency at producing high frequency
magnetic fields using nickel foil cantilevers as actuators as discussed in section 4.4. This
solenoid is integrated within the scanner stage and fixed to the scanner enclosure between
the piezoelectric tube scanner and the sample holder. A nylon support for this solenoid
prevents attenuation of magnetic fields. Furthermore, this set-up ensures that vibrations
arising at higher solenoid drive currents do not couple directly to the sample.
3.4.4.3

Acoustic excitation

Acoustic excitation of cantilever oscillations by sound waves is facilitated through the use
of a piezoelectric speaker. This speaker is not fixed in a permanent position in order to
allow an optimum position of the speaker to be found.
3.4.5

Vibration isolation

Vibration isolation is of paramount importance for any high resolution scanning force
microscope. To this end, the instrument was placed on a one metre thick concrete floor
that was physically separate from the rest of the building. Furthermore, the instrument
was suspended by means of a pulley suspension system using flexible rubber cord. This
set-up does not impede cantilever and sample exchange.
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3.5

Assembled Hardware

Photographs of the partially dismantled and the assembled scanner stage are shown in
figures 3.11 and 3.12 respectively. A schematic and a photograph of the assembled
hardware are given in figure 3.13 and figure 3.14 respectively.

Figure 3.11

DC motor for
approaching sample to
cantilever

Sample holder with
sample tilt
adjustment

Fine pitch screws
for scanner tilt
removal

(f

%

I 'i

PZT scanner with
Parafilm™
insulation
Solenoid with
ferrite core
Photograph of the partially dismantled scanner stage

78

Micrometer slides
for sample XY
positioning

Figure 3.12
..
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, ‘i.

Photograph of the assembled scanner stage
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Figure 3.13
Suspension
System For
Vibration
Isolation

Sample XY
Translation
Stage

Photo-Detector

Schematic of the assembled SFM hardware.
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Figure 3.14

Photograph of the assembled SFM hardware.

3.6

SFM

3.6.1

Design Issues

Electronics

The key requirement for the SFM electronics is very low noise circuitry. The ultimate
spatial resolution of any microscope system is limited by the ability to eliminate noise
sources such as electronic, laser, photo-detector, external vibrations and electromagnetic
interference. Employing low noise circuitry lays a solid foundation for a high-resolution
system. The complete analogue electronics for operating the prototype SFM was
constructed in-house. The electronic circuitry depended heavily on the multiple design
capabilities achievable with operational amplifiers and some specialist integrated circuits.
Good shielding and careful circuit design helped minimise noise from sources such as
electromagnetic interference and mains supply frequencies and harmonics.
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There were a number of design issues that concerned the electronic aspects of the
prototype:
•

Interfacing the prototype’s electronic control unit (ECU) with the PC;

•

Providing the high voltage drive signals to the piezoelectric scanner;

•

Providing an analogue feedback control of the Z displacement of the piezoelectric
scanner;

•

Providing the means of oscillating the cantilever.

The design solutions are described below.

3.6.2

Photo-detector and circuitry

The SFM optical lever technique relies on the reflection of a laser beam from the back of
a cantilever and the detection of minute variations in beam spot positions on a position
sensitive detector (PSD).
The PSD can be used in "photovoltaic" (unbiased) mode or in "photoconductive" (biased)
mode. The linearity range can be extended slightly by applying a reverse bias to the
photo-detector (photoconductive mode). However, the application of a reverse bias gives
rise to increased dark currents and ultimately, increased noise currents. The linearity range
is not of critical importance for closed loop operation since feedback action strives to
maintain the beam position in the centre of the PSD. Nevertheless, the linearity range
becomes crucial for the correct interpretation of curves acquired in force spectroscopy
where the extent of non-linearity in the curve is interpreted to be the result of the tip
indenting the sample.
The photo-detector operates as a position sensitive detector (PSD) when differences in
current within the quadrants are processed to give the beam position. The PSD and
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current-to-voltage circuitry are enclosed within the same casing. Since the PSD is very
sensitive to noise pick-up on its leads, this arrangement minimises the lead length used to
connect it to the electronic circuitry. This current-to-voltage circuitry comprises a quad
operational amplifier that converts the output current from each quadrant to a voltage.
Bypass supply capacitors are employed at the supply pins of the quad operational
amplifier to help suppress any supply voltage changes. These capacitors also prevent this
circuit from interacting with other circuits through the common impedance of the supply
lines. A small capacitor across the feedback resistor suppresses oscillation and gain
peaking. Although this feedback capacitor can affect bandwidth, a small amount of
capacitance is required to ensure loop stability.
Shot noise and thermal (or Johnson) noise are the two main sources of noise in a
photodiode, but in the present application (photovoltaic mode), thermal noise is the
dominant noise source. Since all resistors have a thermal noise associated with them, the
feedback resistor in the current-to-voltage converter can contribute significant noise
current to the detection electronics. This additional noise current can be quite large and
adds to the Johnson noise current contributed by the photo-detector shunt resistance. In
order to minimise this resistor thermal noise, metal film composite resistors were chosen
for the feedback resistors.

3.6.3

Pre-amplifier

The PSD output is fed to a pre-amplifier that translates the beam position to an analogue
signal. One quad and one dual operational amplifier (TL084, TL082 respectively) perform
this computation. Information relating to the vertical deflection and the lateral bending of
the cantilever is processed by summing and subtracting the relevant signals. Vertical
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deflections of the cantilever (figure 3.15(b)) are obtained from the signals from the PSD
quadrants using the computation ((C+D)-(A+B)). Similarly, lateral deflections of the
cantilever (figure 3.15(c)) are computed using ((B+C)-(A+D)). The cantilever
displacement depicted in figure 3.15(b) is available at the topography output, whilst the
cantilever displacement shown in figure 3.15(c) is available at the lateral force output.

Figure 3.15

(a) Photo-detector
quadrant labels

(b) Vertical forces leading
to vertical deflection

(c) Lateral forces introduced
by lateral deflection

(a) PSD quadrant labelling information, (b) Illustration of vertical deflection of the
cantilever, (c) Illustration of lateral deflection of the cantilever.

Information on the aforementioned vertical and lateral bending of the cantilever is
processed by the position sensitive detector electronics that consists of the current-tovoltage amplifiers and the pre-amplifier circuitry depicted in figure 3.16.
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Figure 3.16
IC: TL074

IC: TL074

Schematic diagram showing the electronic circuitry layout for the current-to-voltage
converters and the signal processing electronics of the pre-amplifier.

3.6.4

Control loop and feedback electronics

The pre-amplifier output provides the input to the rack mounted electronic system where
the analogue signal conditioning electronics process the feedback signal. This is
accomplished by using proportional and integral action as shown in figure 3.17.
Proportional action is realised by an inverting amplifier circuit with variable gain. The
integral action is accomplished by an inverting amplifier circuit that includes a variable
capacitance in its feedback path and a variable resistance at the input stage. The
proportional and integral signals are summed with an adjustable ratio by the summer. The
differential part of the classic PED feedback loop is not used here since it can lead to
instabilities. After buffering (B), the feedback signal is split into two paths, one of which
is fed to the Z piezoelectric tube scanner via a high voltage amplifier circuit. The other
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path provides the Z image information to the computer. This second path has additional
amplification (G) and offset (O) that are independent of the feedback loop, thereby
enabling the image contrast (Z data) to be optimised.

Figure 3.17

Input from
PSD

Output to
computer

signal

The loop conditioning electronics comprising of proportional (P), integral (I) and
summer (S) amplifiers. Additionally, the data path includes a buffer (B), gain (G) and
offset (O) amplifier.

3.6.5

Signal conditioning

Following detection of an oscillating cantilever with the optical lever technique, a
sinusoidal output is made available at the topography channel of the pre-amplifier. This
sinusoidal signal is amplified to a suitable level before the amplitude and phase signals are
determined.
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3.6.5.1

Amplitude demodulation

The amplitude of the sinusoidal signal is converted by a root-mean-square (RMS) to DC
converter (RMS-DC) which is implemented using an integrated circuit (IC) as shown in
figure 3.18. The AD536AJD model available from Analog Devices was chosen for its
ability to compute the true RMS value of any complex input waveform containing both
AC and DC components. The output of the RMS-DC converter provides the demodulated
amplitude of the cantilever oscillations. As very few external components are required to
build the RMS-DC converter, this is a very attractive alternative to using a lock-in
amplifier.
The most critical aspect of the RMS-DC circuitry is the optimisation of the values for the
lowpass filter network that is formed between pins eight and nine of the integrated circuit.
This lowpass filter is essential to reduce the output ripple that is present at double the
input frequency. Whilst it is desirable to reduce this ripple to the lowest possible value,
excessive lowpass filtering would have the detrimental effect of adding to the integral
action within the feedback loop. This would lead to serious delays within the feedback
loop that could not be counteracted by varying the integrator settings. Following
computation of the amplitude signal, the output of the RMS-DC converter is routed to the
signal conditioning electronics for processing of the feedback signal.
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Figure 3.18

Circuit used to demodulate the cantilever oscillation amplitude.

3.6.5.2

Phase demodulation

The phase difference signal is generated by comparing the phase of the sinusoidal signal
to the phase of a reference TTL signal. The function generator supplies the drive signal
for inducing cantilever oscillations and the reference TTL signal. Processing of the
sinusoidal measurement signal by a phase shift circuit allows a phase adjustment of up to
180°. Consequently, the phase of the sinusoidal measurement signal can be matched to
that of the TTL signal.
The zero crossover points of the sinusoidal measurement signal and reference TTL signal
are compared by a circuit consisting of a comparator (LM311) and a transistor (BC179).
The signal at the emitter pin of the transistor represents the phase difference between the
TTL and sinusoidal measurement signals. Its changing composition with variations in
phase is similar to what is termed as a change in "duty cycle" in digital signal notation.
This is illustrated by the signals shown in figure 3.19.
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Figure 3.19

(a) TTL and sinusoidal
signals are 180° out of
phase and T] = T2
(b) TTL and sinusoidal
signals are 90° out of
phase and Ti > T2
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r
1

Depicted signals were monitored at the emitter of the transistor and show the changes
in waveform with phase.

Finally, the phase information of the oscillating cantilever is extracted from the transistor
output signals by the RMS-DC converter as depicted in figure 3.20.
3.6.6

High voltage driver for scanner

The computer provides the scan ramps via the 16-bit digital to analogue converters
(DACs) configured within the electronic system. Each DAC (Burr Brown, DAC 703) has
an output range of O-IOV corresponding to a 0-65535 binary input range. Each DAC
output is routed through variable gain amplifiers that allow adjustment of the XY scan
range of the piezoelectric tube scanner. This method of reducing the XY scan range is
advantageous in that the image retains the 16-bit resolution of each DAC. The positive
and negative voltages needed to drive opposite quadrants of the piezoelectric tube scanner
are provided by splitting each DAC output signal into two separate paths, one of which is
inverted.
Burr-Brown high voltage operational amplifiers (3584) are employed for the high voltage
output generation. Four of these high voltage operational amplifiers are required to
provide the signals for driving the four outer quadrants of the piezoelectric tube scanner.
Additionally, one high voltage amplifier is required for driving the inner electrode of the
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piezoelectric tube scanner for the Z-scan. Each one of these high voltage operational
amplifiers is configured as an inverter with a gain of 7.5. External components were
chosen to optimise the frequency compensation for each high voltage amplifier as shown
in figure 3.21.

Figure 3.20
IC:LM339AN

Circuit schematic showing the electronics used for phase demodulation. Adjustment
of the sinusoidal measurement signal allows the phase to be set to the centre of the
operational range.
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Figure 3.21

High voltage operational amplifier circuit with additional components required for
frequency compensation.

3.6.7

Quality factor optimisation

Active quality factor control of the cantilever oscillation is accomplished by the circuitry
depicted in figure 3.22. Feeding the position sensitive detector signal back to the drive
input, where it is summed with the signal generator signal, forms a positive feedback
loop. Variation of the phase of the sinusoidal measurement signal from the PSD ensures
that maximum amplitude of oscillation occurs at resonance. This maximum amplitude at
resonance occurs when a phase difference of 90° exists between the PSD and signal
generator signal. This is clearly evident by referring to equation 2.15 in section 2.3.5.
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Figure 3.22

Phase shift circuit

Summer

PSD signal
input

Active quality control circuitry.

3.6.8

Solenoid drive electronics

The alternating current for driving the solenoid is realised by a circuit comprising four
OPA660 integrated circuits (Burr Brown). The OPA660 offers the high-speed and wide
bandwidth of discrete transistors necessary for radio frequencies (RF), intermediate
frequencies (IF), and video circuitry whilst maintaining the simplicity, reliability and ease
of use of a monolithic, integrated circuit. These OPA660 integrated circuits consist of an
operational transconductance amplifier (OTA) and a buffer. The OTAs were chosen due
to their unique ability to produce a current that is directly proportional to the input voltage
irrespective of AC frequency, output inductance or load. Using the buffer as a high
impedance input, connected by a series resistor to the emitter input of the OTA, results in
a transconductance amplifier with high impedance differential inputs as shown in figure
3.23.
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Figure 3.23

o
c
o
on

+5V

ICs: I and 2 = LF365N (Operational amplifiers)
ICs: 3 to 6 inclusive = OPA660
Solenoid drive circuit

The four OTAs are configured in a push-pull type circuit where the solenoid is a floating
load. As can be seen from this circuit, these OTAs have a unique characteristic in that the
sum of each individual diamond transistor output is accomplished by directly connecting
the outputs from the OTAs.
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3.6.9

Computer interface

The computer-automated SFM system includes data acquisition, data analysis, data
processing and data visualisation. Central to this capability are the interface cards that are
mounted within the computer. The computer is interfaced with the electronics through an
AT-MIO-16XE-50 National Instruments card that is mounted in the AT bus socket of the
computer. This card has sixteen inputs that provide 16-bit input range via a multiplexed
analogue-to-digital converter (ADC). Furthermore, these sixteen input channels are
programmable as sixteen single-ended, or eight differential inputs, in addition to unipolar
or bipolar operation. The pin-outs for the AT-MIO-16XE-50 card are shown in figure
3.24.
Two output channels on the AT-MIO-16XE-50 card offer analogue outputs via a 12-bit
digital-to-analogue converter (DAC). These are configured as bipolar or unipolar outputs
via software. One of these DAC outputs provides the feedback set-point whilst the other
DAC provides the control signal required for computer control of the signal generator.
Finally, eight digitally programmable input/output lines are also available from this card.

The computer provides the signal for driving the piezoelectric tube scanner in the X and Y
plane. The interface with the two externally configured 16-bit digital-to-analogue
converters (DAC) is implemented through a PC 8255 48-bit programmable input/output
card (Flight Electronics FP-OlO) mounted in the AT bus socket of the computer. This 16bit output determines the spatial resolution of the X and Y scans.
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Figure 3.24
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Pin-outs for AT-MIO-16XE-50 card

In the present application the input DAC on the AT-MIO-16XE-50 card is configured as a
single ended bipolar input which confines the allowable input range to ±10V. Another
useful feature allows the input gain for each channel to be individually programmed.
More importantly, the 16-bit input resolution of the DAC sets the spatial resolution of the
image Z data.

3.7

SFM

3.7.1

Design Issues

Software

A dedicated software program is an essential component of an SFM system. This software
controls every operational aspect of the SFM and can be envisaged as the “brain” of the
SFM system. Spectroscopy, control of the tip-to-sample separation distance, scanning of
samples and image acquisition all require the intervention of the software. Automated
control of the tip-sample separation distance employing both coarse and fine control of
approach ensures that the tip does not crash onto the surface. This control can help
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preserve the fine asperities at the end of a sharp tip. Automated generation of
spectroscopy curves enable the characterisation of tip-sample interactions that are so
crucial to the effective operation of SFM instruments.
Image acquisition relies on software control of the scanner. Display of images in real-time
is of paramount importance since it allows a visual inspection of the performance of an
SFM whilst imaging. Further scrutiny of images following image acquisition necessitates
inclusion of various filters and image analysis tools within this software.
The software to operate the SFM prototype was written with Borland Pascal for
Windows™ (version 7.0) using object onented programming and is called SFMCntrl.
The software contains nearly 38,000 lines of code.
The central design issues for the software were to achieve the best performance of the
prototype whilst providing a user-friendly graphical user interface. A screen shot of the
SFMCntrl software is shown in figure 3.25. This figure illustrates the toolbar that gives
access to some of the main menu commands. The components that constitute each drop
down menu list are also shown in this figure. Due to the size and complexity of the
software, only selected dialogues are described in the next sections.
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Figure 3.25
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3.7.2

Approach of sample to tip

The TipApproach dialogue automatically opens when the SFMCntrl program is initiated
as this dialogue contains the user-controls required to approach a sample surface to a
cantilever tip . This dialogue can also be selected from the toolbar or from the drop down
menu. As a prelude to image acquisition, it is customary to allow the scanner to ‘warm
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up’ for approximately an hour or more. This ensures that the piezo tube scanner is less
susceptible to creep and non-linearity errors during imaging. The TipApproach dialogue
allows such a ‘warm up’.
Initialising the piezoelectric tube scanner moves the piezoelectric tube scanner from the
default centre position to a position representing the top left-hand comer of the region to
be imaged. The user is then presented with the Setup-Scan dialogue before proceeding
and then prompted for the XY scan range for non-linearity correction.
A choice of motor speed allows coarse and fine approach of the motorised sample
platform. Accurate control of the approach procedure is of paramount importance since
crashing the sample surface onto the tip could cmsh the fine asperities at the end of a
sharp tip and degrade the spatial resolution.
In the absence of a camera for assisting coarse approach, tip-sample separation distances
of a few micrometres were obtained under coarse control by observing the deflection
signal on an oscilloscope. Following movement of the motorised platform, controlled
approach can be activated once contact between the tip and sample is imminent. This
gives control to the software, which then attempts to find a cantilever-sample interaction
as determined by the user provided set-point. Controlled approach entails a co-ordinated
extension of the piezoelectric tube scanner in the Z plane and movement of the motorised
platform. If a full extension of the piezoelectric tube scanner in the Z plane fails to realise
this set-point, the piezoelectric tube scanner is fully retracted and a reduction of the tipsample distance by a predetermined amount is initiated by the motor. Once the desired
tip-sample interaction corresponds to the set-point, closed loop is activated to maintain the
present tip-sample interaction. Control is then returned to the user. Alternatively, the user
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has access to all the controls necessary to manually carry out the controlled approach
procedure.
A graph window graphically displays the signal of interest within this dialogue. This
curve window employs automatic offset compensation for optimum display of the curve.
Alternatively the offset applied to the displayed curve can be changed using the scroll bar
adjoining the window.
The block diagram in figure 3.26 illustrates the sequence of actions that are carried out
within this dialogue. The TipApproach dialogue is shown in figure 3.27. For illustrative
purposes the curve within the dialogue shows the classic snap-to-contact for a silicon tip
approaching a silicon surface in air.
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Figure 3.26

Block diagram illustrating the control functions of the TipApproach dialogue.
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Figure 3.27
CONTACT

w

CENTRE PZT~i

ilNITIALIZE PZT-

: Manual Approach
Pulse

jpine

Z-Plezo
jCoarse

f Required Force

[50

Controlled Approach

-68

nN

Controlled
-Contact

a
s

jiT"

1 Read^

Contact j

Activate Feedback
Curve Attenuation

Present Status
idle

hso

a-

\

J

j

OK

I

GO

! i

t

: i
'j

X

Cancel

Schematic of the TipApproach dialogue. The snap-into-contact is clearly evident at A
in the figure while the attainment of the desired force is illustrated by the change of
curve colour at B.

3.7.3

Spectroscopy

Various tools enable the user to perform spectroscopy whereby data is captured in real
time by the SFMCntrl application.

3.7.3.1

Force Spectroscopy Dialogue

The SFMCntrl software platform enables actuation of the force spectroscopy dialogue that
incorporates the controls required for performing force spectroscopy. Force spectroscopy
is the term coined for the force versus distance curves obtained as a tip is approached to a
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surface. Mapping the omnipresent forces between the tip and surface under different
environmental conditions can help to give a better understanding of the tip-sample
interactions that ultimately determine imaging resolution. Initially, movement of the
motorised platform is required to bring the sample surface within close proximity to the
tip. Various motor controls within this dialogue allow different rates of platform
movement to satisfy this requirement.
By using the computer mouse the operator can select the range of piezoelectric tube
scanner extension over which the force spectrum is generated. This permits analysis of
tip-sample interactions over various ranges of approach to allow investigation of different
stages of tip-sample interaction with enhanced detail. These force spectra together with
user input axis labels and variables can be saved to file for future retrieval. Furthermore,
these files can also be saved in text file format to facilitate importation into other software
applications. For the purpose of describing the routine pert'ormed with force spectroscopy,
a block diagram is given in figure 3.28.
The force spectroscopy dialogue is illustrated in figure 3.29. The force spectrum depicted
within the dialogue window was acquired by approaching a silicon sample to a silicon tip
in air. The cursors displayed in the window incorporating the force spectrum, are
activated with the right mouse button. The distance enclosed by these cursors sets the new
distance range for a subsequent force spectrum.
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Figure 3.28

Block diagram illustrating the routine performed by the force spectroscopy dialogue
for the acquisition of force spectra.
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Figure 3.29
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Force spectroscopy dialogue showing the different user controls. The displayed force
spectrum was acquired by approaching a silicon sample to a silicon tip .

3.13.2

Frequency spectrum

Operation in the non-contact mode requires the identification of a suitable resonance peak
within the frequency spectrum of the cantilever. Additionally, frequency spectra allow a
direct comparison of the various cantilever excitation techniques under different
environmental conditions. To this end, the frequency spectrum dialogue was designed to
generate frequency spectra by interfacing with an external waveform generator (Thandar,
Model TG502). A 12-bit digital-to-analogue output from the AT-MIO-50XE interface
card provides the sweep input to the waveform generator. The amplitude of cantilever
oscillations is demodulated electronically and then routed to the 16-bit analogue-to-digital
converter on the AT-MIO-50XE interface card. This data is subsequently converted to 8-
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bit data to facilitate on-screen display of the amplitude-demodulated signal as the
frequency is scanned through a range of frequencies.
Zooming into resonance peaks of interest is facilitated by on-screen selection of the new
frequency range using the computer mouse. Furthermore, this feature enables a specific
frequency to be selected for non-contact operation. Each frequency spectrum overlaps the
preceding curve, thereby allowing consecutive spectra to be compared on-screen. This
assists, for example, with the optimisation of settings for active Q-factor control.
Frequency spectra, together with user provided axis units and ranges, can be saved to file
for future retrieval. These files can subsequently be converted to text file format for
importation to other software applications. The block diagram of figure 3.30 illustrates the
sequence of user controls provided by this dialogue.
The frequency spectrum dialogue is shown in figure 3.31. It shares some of the
characteristics of the force spectroscopy dialogue. As depicted in figure 3.31, cursors can
be selected within the graph window with the computer mouse to select the frequency
range for spectra acquisition. As discussed earlier, this provides the capability to select the
operation frequency for non-contact imaging.
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Figure 3.30

Frequency spectrum dialogue sequence of control.
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Figure 3.31
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Schematic of the frequency spectrum dialogue which determines the acquisition of
frequency spectra. This dialogue provides the user-interface for software control of the
function generator.

3.7.4

Scanning and image display

3.7.4.1

Scanning parameters

For the purpose of setting preliminary scan parameters, the Set-Up Scan dialogue (figure
3.32) gives access to scan settings for modification. This dialogue is accessible from the
toolbar, drop down menu and within other dialogues. It enables assignation of a title and
date for an image prior to commencing data acquisition. Furthermore, it includes an
option for enabling passive software correction of linearity errors together with selection
of the associated XY scan range. These XY scan ranges are read from an external
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configuration file entitled ‘pzt.cfg’. The Z-scale to be displayed with the final image can
be selected from pre-determined values that are available from a drop down list. The
values presented for the calibrated Z scale are read from an external configuration file
entitled ‘gain.cfg’. Other options such as the gain of the analogue-to-digital converter, setpoint and desired scan speed are accessible within this dialogue. A drop down list
contains the number of data points in the XY scan direction, which determines the lateral
resolution in the XY image plane.
The information in this dialogue is linked to other dialogues that facilitate updating of
scan parameters following user changes of settings.
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Figure 3.32
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Schematic of Set-Up Scan dialogue.

3.7.4.2

Pre-scan

The Pre-Scan dialogue (figure 3.33) displays graphical representation of the scan profile,
permitting adjustment of image acquisition settings such as scan speed and set-point. This
preview of the surface profile allows optimisation of the closed loop parameters. Options
permit scanning in the X and Y sample plane and give information on the sample slope
prior to acquiring an image of the sample surface under investigation. The capability to
record both forward and reverse scan profiles enables traces to be saved for future
inspection. A split screen allows simultaneous monitoring of a second signal of interest,
such as the error signal.
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The opportunity to view the signal of interest without scanning is available for test
purposes. Also incorporated in this dialogue is an option for changing the loop status from
closed loop to open loop should the tip crash onto the sample surface during imaging.

Figure 3.33

Scan Line : 0

Pre-Scan dialogue

3.7.4.3

Optimisation of image contrast

It is advantageous to optimise the colour palette whilst imaging to assist in assessment of
image performance. As the prototype uses direct PC control it is essential to acquire
images synchronously.

There is spare processor capacity during each linescan, due

largely to the settling time of the DACs and the sample acquisition time of the ADC per
image pixel. However, this was not sufficient with a 200 MHz Pentium^*^ processor to
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allow the linescans to be optimised for contrast and to be displayed on a line by line basis.
Instead, the calculations were performed in the background with the refreshing of the
display being carried out every ten linescans. This optimisation can be activated before
commencement of scanning. Furthermore, a toolbar button allows de-activation of this
function during image acquisition. Following completion of an image, the twodimensional image reverts to the raw data. Finally, as is customary with SFM software,
the SFMCntrl software also contains filters that allow removal of sample tilt and
optimisation of image contrast amongst others.

3.8

Discussion

A schematic diagram and a photograph of the complete SFM prototype are shown in
figure 3.34 and figure 3.35 respectively.

Unless stated otherwise, all aspects of the

prototype were designed and constructed in-house. The modular design of the hardware
and electronics has enabled the incorporation of new methods of cantilever excitation and
signal detection during the course of the project. The prototype is designed to operate in
contact and non-contact mode in air or in liquid.

Ill

Figure 3.34

Schematic of prototype scanning force microscope showing the key components.
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Figure 3.35

mW--

Photograph of prototype scanning force microscope.
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Chapter 4
Testing and Modification

In this chapter, the tests carried out on the prototype scanning force microscope are
discussed. Modifications to the prototype are also described.

4.1

Control Loop Parameters and Disturbance Analysis

The feedback loop that controls the position of the SFM tip is vital to the validity, both
qualitatively and quantitatively, of the SFM image. Control that is too slow will widen
surface features and cause excessive interactions with the surface, whilst control that is
too fast will create artificial topographic features by overshooting the actual topography
on upward slopes and causing tip crashes on downward slopes. In order to evaluate the
behaviour of the control system “off-line”, a closed loop was created by directing the
feedback signal f to the input as illustrated in figure 4.1. A disturbance signal d was then
inserted into the feedback loop and different feedback parameters were studied by
simultaneously monitoring the data (f) and error amplifier (e) signals. The results of this
study are described below and are illustrated with signal waveforms that were recorded by
a digital storage oscilloscope.
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Figure 4.1
Set-point

Electronic closed loop incorporating a disturbance input that enables the closed loop
feedback response to be studied.

A square wave was chosen as the disturbance signal in order to determine whether the
feedback response conformed to the requirement of a suitably rapid response to a sudden
change. Figure 4.2 illustrates the feedback response to this disturbance for four feedback
loop settings. The top waveform in each window illustrated in A to D represents the
disturbance signal. The bottom waveform portrayed in each window shows the error
amplifier signal, which is also the derivative of the disturbance signal.
The waveform illustrated in window A of figure 4.2 shows a near-ideal response where
the data signal replicates the disturbance input. The error amplifier gives a spike-like
output in response to the sharp transition of the square wave. After this initial response the
feedback loop returns the error signal to zero. The waveforms illustrated in windows B to
D respectively represent a progressive deviation from the ideal response that arises from
changes in the proportional and integral feedback parameters. The error amplifier output
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is no longer confined to zero and consequently the data signal progressively resembles the
integral of the disturbance input.
In contact mode, the response shown in B of figure 4.2 may be sufficient for adequate
control. However, the responses illustrated in C and D would result in excessive
cantilever deviations from the set-point. Thus, variable forces could be applied during
imaging. Non-contact mode is less tolerant of an inadequate feedback response and so the
loop behaviour illustrated in A of figure 4.2 is desirable. Even the moderate changes from
the ideal response shown in B would lead to the tip crashing into contact with the surface,
thereby giving unstable non-contact imaging conditions.

Figure 4.2
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Digital storage oscilloscope plots showing the responses to a square wave disturbance. The
effect of varying the feedback parameters is clearly evident from the waveforms depicted in
windows A to D. In each window, the upper waveform is the feedback response and the
lower waveform is the error amplifier output.
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4.1.1

Amplitude modulation

The electronic circuit illustrated in figure 4.3 was configured to simulate amplitude
modulation in order to investigate the response of the signal conditioning electronics. This
circuit operates on the simple principle of switching the gain of an operational amplifier
(741). An n-channel JFET (2N3819) placed in the feedback path of the operational
amplifier allowed gain selection by an external signal. When the JFET is switched off, the
effective gain of the amplifier is set by Rl. However, when the JFET is switched on the
combined parallel resistance of Rl and R2 determines the gain of the amplifier.

Figure 4.3
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Circuit to induce amplitude modulation of a carrier signal using a JFET and a single
operational amplifier.

The feasibility of using an RMS-DC converter for amplitude modulation was determined
from digital storage oscilloscope profiles. One such waveform is illustrated in figure 4.4
and shows the response of the RMS-DC converter to a modulation frequency of IkHz.
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Storage oscilloscope waveforms showing the response of the RMS-DC converter to
amplitude modulation (upper) and the outline of the modulated input signal to the
RMS-DC converter (lower). The modulation frequency was 1 kHz.

4.1.2

Comparison of a lock-in-ampIifier with the RMS-DC converter

The performance of a commercial lock-in-amplifier (EG&G Princeton Applied Research,
model 5210) was compared with that of the signal conditioning electronics that
incorporated the RMS-DC converter. These comparisons were recorded on a digital
storage oscilloscope and illustrate the inadequate real-time response of the lock-in
amplifier. The shortest time constant (1 ms) available with the lock-in-amplifier is too
slow for use within a real-time feedback control system. Modulating a sinusoidal carrier
signal with a 40Hz square wave allowed a comparison of the RMS-DC and lock-in
amplifier output as depicted in figure 4.5. The output of the lock-in-amplifier was
acquired with the minimum time constant of 1 ms. Referring to figure 4.5, a rounding of
the lock-in-amplifier output shows that the modulating signal is being integrated. This is
unlike the RMS-DC converter that provides a well-defined square wave output. At higher
modulation frequencies the lock-in-amplifier output progressively worsens and clearly
this instrument is unsuitable for fast feedback. The signal illustrated in figure 4.4, where a
modulation frequency of IkHz was employed, demonstrates the ability of the RMS-DC
converter to give a rapid response.
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Figure 4.5

RMS-DC output

Lock-in-amplifier output

Schematic showing the responses of the RMS-DC converter (upper) and lock-inamplifier (lower) outputs to amplitude modulation.

4.2

Force-Distance Curves

As discussed in chapter 1, force-distance curves are obtained by measuring the cantilever
deflection versus the tip-sample separation. The measured cantilever deflection versus the
relative sample position may exhibit differences between the approach and the retract
traces. When the photo-detector response is linear, non-linearity in the contact regime of
the force-distance curve can be attributed to the tip-sample interaction, such as indentation
as discussed earlier in section 1.7.4. Hysteresis in the contact regime is most likely due to
the behaviour of the Z scanner.
In air, capillary forces usually dominate the characteristics of the force-distance curve. As
discussed earlier, these attractive long-range forces can pull the tip so strongly towards
the surface that the tip and/or the surface can be plastically deformed. Figure 4.6
illustrates a force-distance curve obtained in air, using contact mode, with a silicon tip and
a silicon sample, both clean but oxidised. The non-contact regime clearly shows the snapto-contact and hysteresis arising from tip-sample/water layer adhesion. Figure 4.7 shows
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the force-distance curve obtained for the same tip and sample in water. The tip-sample
interaction is now free of capillary and adhesion

Force-distance curve for a silicon tip approaching a silicon surface in air using contact
mode and featuring the familiar snap-into-contact and hysteresis between the
approach (blue) and retract (purple) curves.

Figure 4.7

Approach curve in water for a silicon tip approaching a silicon sample. The tipsample interaction has changed due to the elimination of the capillary attractive
forces.
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Force-distance curves are also valuable in non-contact mode as they allow changes in the
amplitude of the cantilever oscillations to be studied as the tip approaches the sample
surface. One such approach trace is illustrated in figure 4.8.

Figure 4.8

A non-contact force-curve showing the envelope of cantilever oscillations as a tip
approaches a sample surface in air. The cantilever had a spring constant of 5N/m and
was excited piezoelectrically.

As can be seen in figure 4.8, a decrease in amplitude occurs when contact between the tip
and sample is imminent. A set-point for amplitude control of feedback can be chosen
along this portion of the curve as illustrated in the figure. Further approach of the tip to
the sample causes a snap-to-contact due to the presence of an adsorbed water layer on the
sample surface. Following this snap-to-contact, residual cantilever oscillations remain due
to perturbations of the cantilever body with this excitation mode. This snap-to-contact
point limits the ability to oscillate the cantilever closer to the sample surface and thus
inhibits high-resolution imaging. Imaging in water environments alleviates this snap-tocontact allowing smaller tip-to-sample distances to be used.
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4.3

Bistable Behaviour of an
Proximity to a Solid Surface

Oscillating

Tip

in

Close

Frequency spectra obtained in air reveal a bistable behaviour when the tip is brought
within close proximity to a solid surface. This bistable behaviour is characterised by
abrupt changes in the amplitude of cantilever oscillation as the drive frequency is swept
through a range of frequencies encompassing the resonance frequency [52].
The spectrum illustrated in figure 4.9 shows this bistable behaviour at A and C for a
cantilever with a silicon tip (spring constant of 42-53 N/m) approached to a silicon
surface in air.

Figure 4.9

Resonance spectra generated w^hilst sweeping the piezo drive frequency from low to
high frequencies. When the tip is brought within close proximity to a sample surface
the resultant bistable behaviour of the oscillating tip produces abrupt changes in the
observed amplitude. The spectrum showing the free swing resonance curve for an
oscillating tip is also shown for comparison.
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Once the drive frequency reaches A in figure 4,9, the tip begins to interact with the
adsorbed surface water layer, which is present on all surfaces under ambient conditions.
This interaction produces a decrease in the effective spring constant of the cantilever,
which consequently leads to a reduction in the resonance frequency. The adsorbed water
layer pulls the tip further towards the surface on its downward swing, thereby imparting
extra energy to the oscillating cantilever. This increase in oscillation energy manifests
itself by the abrupt increase in amplitude that is illustrated at A. The plateau region
illustrated at B results from the tip interacting repulsively with the surface, thereby
limiting the maximum attainable amplitude. In contrast to the effect observed at A, the
cantilever spring constant undergoes an increase in its effective spring constant at C,
leading to a higher resonance frequency.
This phenomenon can be attributed to an elastic interaction between the tip and sample
along the curve portion labelled B, which leads to a phase shift between the drive signal
and cantilever oscillations as described in section 2.3.5. Once this phase difference
between the drive frequency and cantilever oscillations exceeds a maximum, the
cantilever is released from the sample surface giving the abrupt decrease in amplitude as
illustrated at D in figure 4.9. Following point D, the curve follows the same outline as the
free amplitude swing. These results illustrate the less stable operation when operating
intermittent contact mode on the higher frequency side of the resonance curve. This
would require a significant detuning of the drive frequency to release the tip from its
interaction with the sample surface.

123

Figure 4.10

Increasing the tip-sample separation distance leads to a reduction in the tip-surface
interaction compared with that depicted in figure 4.9. The resonance curve shows a
plateau region where the maximum oscillation amplitude is limited by the close
proximity to the sample surface.

As can be seen from figure 4.10, the resonance spectrum does not show a sudden change
in amplitude on the low frequency side following an increase in the tip-sample separation
distance relative to that used in figure 4.9. This increase in the tip-sample separation
distance is analogous to a reduction in the set-point in intermittent contact mode.
Therefore, increased stability can result from operation at frequencies on the low
frequency side of the resonance curve.

4.4

Initial Investigation of the Magnetic Mode of Cantilever
Excitation

A nickel foil cantilever was fabricated in-house and tested using magnetic field excitation.
The dimensions of the nickel foil cantilever were 3.84 mm, 2 mm and 50 pm for the
length, width and thickness respectively. A frequency spectrum was obtained for this
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cantilever as shown in figure 4.11. The natural resonance frequency was measured to be
3.0 kHz, whilst the theoretical value is given in table 4.1.

Table 4.1

Length Width Thickness

Young's
Modulus

Moment of
Inertia

Spring
Constant

Density

Resonance
frequency

(mm)

(mm)

(urn)

(Pa)

(m')

(N/m)

(kg/m^)

(kHz)

3.84

2

50

2.14x10"

2.08xl0‘^

2.36x10"

8900

3.2

The dimensions and physical constants for the nickel foil cantilever used to calculate
the natural resonant frequency.

Figure 4.11

Frequency spectrum of a cantilever fabricated from nickel foil acquired in air with
piezoelectric excitation. The measured resonance frequency occurs at 3.0 kHz

The small deviation between the measured (3.0 kHz) and theoretical (3.2 kHz) values for
the natural resonant frequency can be attributed to the loading effect of a gold mirror that
was glued to the end of the cantilever in order to enhance reflection of the laser beam.
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A non-magnetic aluminium foil cantilever was also fabricated in-house to determine
whether there was acoustic excitation of a cantilever due to the operation of the solenoid.
A frequency spectrum obtained for this cantilever is shown in figure 4.12 and confirmed
that acoustic excitation was occurring. The natural resonance frequency was measured to
be 2.4 kHz. The theoretical value for the natural resonant frequency of the aluminium foil
cantilever is given in table 4.2.

Table 4.2

Length Width Thickness

Young's
Modulus

Moment of
Inertia

Spring
Constant

Density

Resonance
frequency

(mm)

(mm)

(Itm)

(Pa)

(m^)

(N/m)

(kg/m^)

(kHz)

4

3.86

50

6.90x10'°

4.0208x10'^

1.30x10^

2700

3.3

The dimensions and physical constants of the aluminium foil cantilever used to
calculate the natural resonant frequency.
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Figure 4.12

Spectrum of the aluminium foil cantilever in air acquired with piezoelectric excitation. The
measured frequency was 2.4 kHz.

As with the nickel foil cantilever, a mirror was glued to the end of the aluminium
cantilever to enhance sensitivity. This mirror places an additional load on the end of the
cantilever and accounts for the difference between the measured and theoretical value for
the natural resonance frequency of this cantilever. Since the mass of this mirror is greater
than for the nickel foil cantilever, there is a greater discrepancy between the theoretical
and measured values. As it is not practical to consider fabricating high resonance
frequency cantilevers from metal foils, the use of commercial silicon cantilevers was then
investigated.

4.4.1

Excitation of non-magnetic cantilevers in an AC magnetic field

While testing different solenoid designs, it was noticed that, like the aluminium foil
cantilever, non-magnetic silicon cantilevers were resonating in the presence of an
alternating magnetic field. The frequency spectrum observed in air for a rectangular type
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silicon cantilever (Nanosensors) is shown schematically in figure 4.13. This cantilever
had dimensions of 219

fim,

36 /tm and 6.8 jiim for its length, width and thickness

respectively. Furthermore, the manufacturer specified a force constant of 53 N/m and a
resonance frequency of 260 kHz.

Figure 4.13

Resonance curves acquired in air using a non-magnetic silicon cantilever
(Nanosensors) excited by an alternating magnetic field.

The resonance peaks illustrated in figure 4.13 were found to be due to acoustic vibrations
induced by the alternating magnetic field interacting with the semicircular support plate to
which the cantilever was glued. These resonance peaks vanished when a partial vacuum
was introduced to the immediate area of the liquid cell incorporating the cantilever holder,
as illustrated in figure 4.14.
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Figure 4.14
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Resonance curves acquired both in air and at a reduced air pressure using a non
magnetic silicon cantilever (Nanosensors) excited by an alternating magnetic field.

This confirmed that acoustic perturbation of the cantilever was occurring under ambient
air pressure. There were two possible reasons for this. Either there was direct acoustic
coupling through the air in the liquid cell from the solenoid housing or there was a
magnetic coupling to the cantilever mounting plate and acoustic coupling through the air
of the liquid cell to the cantilever. The metallic semicircular support plate to which the
cantilever was glued was replaced with a non-magnetic material (glass). Subsequent
spectra obtained in air and in the presence of an alternating magnetic field failed to show
any resonance peaks. Further investigations revealed spurious resonance peaks when
metal springs were used to retain the cantilever within the liquid cell. Hence, all
subsequent materials in the vicinity of the cantilever were chosen to be impervious to an
alternating magnetic field. This ensured that cantilever excitation was by alternating
magnetic fields acting directly on the cantilever itself, rather than due to agitation of the
cantilever body, either directly or by acoustic coupling.
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4.4.2

Magnetic particle glued to cantilever

A fragment of neodymium iron boron magnet with a strength of 12.2 kiloGauss (Edmund
Scientific) was ground and a few minuscule magnetic particles selected. These particles
were glued to a triangular type non-contact cantilever (Silicon-MDT, NSCl 1). The gluing
process was conducted without any means to set the magnetic field direction of the
selected magnetic particles. These cantilevers were inspected with an inverted microscope
equipped with a video camera and two images are shown in figure 4.15. A frequency
spectrum for such a cantilever is shown in figure 4.16.
Evaluation of the magnetic excitation technique with this cantilever revealed that the
levels of oscillations were typically three to four times larger than with commercial cobalt
coated cantilevers (Silicon-MDT, NSCll/Co/3). As the difference in the spring constant
between this cantilever (5 N/m) and that of the cobalt coated cantilevers (3 N/m) was not
significant, the explanation of this benefit must lie elsewhere. A possible explanation is
the difference in the magnetic arrangement. By positioning a magnetic particle behind the
tip, magnetic forces can be applied directly to the end of the cantilever. This is in contrast
to applications utilising magnetically coated cantilevers, whereby the magnetic moment
distributed along the length of the cantilever can lead to bending of the cantilever
following excitation by an external AC magnetic field.
It can be seen from the above discussion that using cobalt coated cantilevers rather than
magnetic particles necessitates the use of higher AC magnetic field gradients to produce
sufficient cantilever oscillations. This leads to the requirement for an increase in AC
current through the coil. This can lead to undesirable thermal effects due to the close
proximity of the coil to the liquid cell and cantilever [53]. Nevertheless, it was decided to
use the commercial cantilevers as this was quicker than developing a reliable and efficient
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process for in-house fabrication, the principal difficulty being preventing the glue
encroaching onto the tip side of the cantilever.

Figure 4.15

Optical images of cantilevers with magnetic particles glued onto their backs. The
arrow at A points to glue residue following the attachment of the magnetic particle in
the centre of the cantilever at B. The features indicated by C and D are magnetic
particles glued to the arms of another cantilever.
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Figure 4.16

Frequency (kHz)

Frequency spectrum for a non-contact cantilever with a glued magnetic particle. This
spectrum was acquired by exciting the cantilever with an alternating magnetic field in
air.

4.5

Comparison of frequency spectra for three cantilever
EXCITATION METHODS

The SFMCntrl software allows the generation of frequency spectra and their storage for
future analysis. The frequency spectra of various cantilevers, under different
environmental conditions and employing different methods of cantilever excitation, were
investigated. Exciting the same cantilever with the three different excitation methods
under similar environmental conditions allows a direct comparison of each excitation
method in air and liquid.
The initial use of cantilevers with a thin coating of cobalt for magnetic excitation proved
to be problematic. Operation in air was satisfactory, but immersion in water caused a
gradual reduction of the reflectance of the cantilever, due it appeared, to corrosion of the
cobalt coating. This led to a severe reduction in sensitivity of the optical lever technique.
This problem was overcome when the manufacturer used a 20 nm thick coating of chrome
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to protect the underlying 60 nm coating of cobalt from direct contact with the surrounding
water.

4.5.1

Air environment and water environments

A cobalt coated triangular type non-contact cantilever from Silicon-MDT (type
NSC 11/Co/3) was magnetised in a direction parallel to the cantilever by approaching and
retracting the cantilever from a strong magnet, (neodymium iron boron magnet with a
field strength of 1.22 kiloGauss from Edmund Scientific).
Frequency spectra of this cantilever in both air and water were obtained utilising the three
cantilever excitation methods under investigation, and shown in figure 4.17. It is clear
from this figure that only magnetic excitation gives a simple peak. Indeed, in liquid there
is a forest of peaks for the acoustic and the piezo excitations, making it difficult to locate
the cantilever oscillation. Furthermore, the magnetic excitation methods allows the
cantilever to be driven at any frequency. With the other two excitation techniques the
cantilever can only be driven at its resonance or a harmonic thereof.
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Figure 4.17
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Frequency spectra obtained in (a) air and (b) water of a cobalt coated cantilever using
three excitation modes.
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Referring to figure 4.17(a), the cantilever resonance occurs at a frequency of 47.8 kHz in
air. This resonance frequency reduces to a frequency of 17.9 kHz in water due to the
additional viscous loading forces that the water environment presents to the cantilever.
This frequency shift is depicted in figure 4.17(b) along with the dramatic reduction in the
measured Q-factor of the cantilever when we go from air to water environments.
The SFMCntrl software allows force spectroscopy to be performed by generating curves
that map the chosen signal as the sample approaches a cantilever tip. This allows tipsample interactions to be investigated by monitoring the response of the amplitude, phase
and the topography signals. The noise on the topography signal is due to the cantilever
oscillations which were not removed whilst acquiring this signal. However, the noisy
amplitude demodulated signal is due to shot noise from the photo-detector, which is
superimposed on the amplitude signal representing the cantilever oscillations. In
comparison, there is a crisp signal from the phase detection electronics, largely because
this signal is immune to DC changes of the photo-detector signal.

Figure 4.18

Schematic acquired by monitoring the amplitude, phase and topography signal whilst
approaching the tip to the sample surface. (Piezo excitation in air using a Nanosensors
cantilever)
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The onset of tip-sample interactions for the three signals in figure 4.18 cannot be
accurately compared relative to the tip-sample separation distance, due to drift in the Z
piezoelectric scanner. However, it is clear from this figure that the phase signal senses the
tip-sample interaction over a greater distance range from the sample surface than the other
detection signals.

4.6

Quality Factor Enhancement

It is advantageous to exploit the reduced adhesive forces that are prevalent between the
cantilever tip and a sample in water environments. Unfortunately, the benefit of these
reduced forces is compromised by the significant reduction in Q-factor of the cantilever
resonance. This disadvantage can be overcome using active quality factor control (activeQ control).
4,6.1

Active-Q Control

A block diagram of the active-Q circuitry is depicted in figure 4.19 and a detailed circuit
drawing is included in section 3.6.7. The combination of the cantilever and the photo
detector can be considered to be an electromechanical system. The active-Q control
operates on the basis of using this electromechanical system as the frequency-determining
element in an oscillator circuit [54]. This active-Q circuit is implemented by installing a
positive feedback loop alongside the drive electronics that induces the cantilever
oscillations. The other feedback loop encompasses the drive electronics and the photo
detector output as described in section 3.6.7. The phase shifter, as shown in figure 4.19,
ensures that the phase relationship between the cantilever oscillation and the excitation
signal is sufficient for resonance to occur. Referring to equation 2.15 in section 2.3.5, the
maximum amplitude of cantilever oscillation occurs when the cantilever oscillations are

136

90° out of phase with the excitation signal. Therefore, in order to sustain maximum
amplitude at resonance, a phase shift of 90° needs to be added to the photo-detector
signal. A value other than 90° for this phase shift will result in the maximum amplitude of
cantilever oscillation occurring at a frequency that is different to the resonance frequency
of the cantilever.
The variable gain amplifier, which is the summer shown in figure 4.19, has attenuation
and gain capabilities that correspond to damping and excitation of the cantilever
respectively. This permits one to increase the weight of the photo-detector signal relative
to the driving signal, which increases the quality factor of the cantilever resonance.
It can be seen from the above discussion that the quality factor of the electronic feedback
loop determines the observed quality factor of the cantilever resonance. In order to
optimise the quality factor of cantilever resonance, two adjustments need to be made to
the active-Q circuitry. Firstly, a phase shift of 90° is added to the photo-detector signal to
satisfy the criteria for resonance to occur. This is accomplished with a variable phase
adjustment. Secondly, the gain of the summer adjusts the weight of the positive feedback
signal (photo-detector signal) to the driver signal, which ultimately sets the quality factor
of cantilever resonance.
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Figure 4.19

Block schematic diagram of active-Q control of cantilever resonance

Figure 4.20

Schematic of a frequency spectrum acquired in air showing the increase in Q-factor by
employing active-Q control. These spectra were acquired utilising magnetic cantilever
excitation.

The frequency spectra depicted in figure 4.21 were obtained in water employing magnetic
excitation. An increase in the Q-factor of cantilever resonance from 4 to 116 is realised
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when active-Q control is implemented. The shift in frequency is attributed to employing a
phase shift other than 90°, the latter being necessary as instabilities arose if the active-Q
phase was chosen to be exactly 90°. Optimising the Q-factor of cantilever resonance leads
to an improvement of feedback control, which ultimately reduces the possibility of
cantilever-induced sample damage and tip “crashes”. Also, improved feedback control of
the tip-sample distance helps preserve the fine asperities on the tip that are crucial for high
resolution imaging.

Figure 4.21

Illustration of significant increase in Q-factor as a result of implementing active-Q
control. Depicted frequency spectrum was acquired in a water environment utilising
magnetic cantilever excitation. The observed change in the position of the resonance
peak is attributed to the phase shift within the active-Q circuitry not being exactly 90°.

The force curves shown in figure 4.22 illustrate the system response to diminishing tipsample separation distances and demonstrate the higher sensitivity to surface forces that
can be achieved using active-Q control in water.
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Figure 4.22

The approach curve in water shows the amplitude of cantilever oscillations versus the
tip-sample separation distance as the oscillating tip is approached to a surface in water
with and without active-Q control. The line profiles represent averaged plots that
were fit to the data. The change in the amplitude of cantilever oscillations at A with
active-Q control is not discernible at Ai when active-Q is not employed. At B and Bi
the same sensitivity to the tip sample separation distance is observed with and
without active-Q when the tip makes intermittent contact with the surface. The similar
sensitivity at B and Bi is to be expected because the cantilever oscillation amplitude
decreases by the same amount for each nanometre decrease in the tip-sample
separation. The discontinuity observed near C represents a slight increase in
amplitude before the onset of intermittent contact.

The small, but distinct, discontinuity observed to the right of C in figure 4.22 represents a
slight increase in the amplitude of cantilever oscillations that occurs just before the onset
of intermittent contact. Inverting the "sense" of the feedback electronics may allow the
set-point to be set on the positive slope of this discontinuity as indicated by the point C.
This working distance represents a tip-sample separation distance of a few nanometres.
The improvement in imaging quality to be achieved with this tip-sample separation
distance may considerably improve imaging resolution.
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4.6.2

Tuned circuit method to enhance the Q-factor of a cantilever

The solenoid that was used to generate the alternating magnetic field was placed in a
tuned circuit configuration, which only required the addition of a variable capacitor and
resistor to the solenoid drive output. Using the solenoid as the inductance in this RLC
circuit, an electronic resonance signal with a high quality factor can be obtained. By
tuning this circuit, the frequency at which electronic resonance occurs can be varied as
shown in traces A, B, C and D in figure 4.23. This set-up can be optimised to set the
resonance frequency of the alternating magnetic field as well as the quality factor of its
resonance. This tuneable electronic resonance gives a tuneable magnetic field, which can
be used to drive a magnetic cantilever at any selected frequency, as shown in traces Ay,
Bj, Cl and Dy in figure 4.23. Therefore optimising the quality factor of the electronic
resonance can be applied to give an optimum quality factor of cantilever resonance.
However, like the active-Q circuitry described in section 4.6.1, active feedback of
cantilever oscillations to the solenoid drive circuitry would be required for this technique
to have any significance.
However, this RLC circuitry may be placed between the photo-detector pre-amplifier and
the main electronic module. Varying the quality factor of this circuitry would then present
a high quality factor cantilever resonance to the feedback electronics. The implications of
this would be similar to the active-Q circuitry in that there would be an increase in the
sensitivity to frequency changes and therefore, amplitude changes. This would be
advantageous in that the instabilities that are sometimes encountered in the active-Q
circuitry as a result of positive feedback could be overcome.
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Figure 4.23

Curves showing the electronic resonance signals of the RLC circuit, which
incorporates the solenoid, in A, B, C and D. When a cantilever with a magnetic coating
is excited by this solenoid the subsequent resonances of the cantilever Ai, Bi, Ci and
Di correspond to the electronic signal resonance frequencies.

4.7

Discussion

In order to ensure the qualitative and quantitative validity of surface topography the
control characteristics of the prototype instrument were studied “offline”. This study also
validated the performance of the RMS-DC converter, which replaced the lock-in amplifier
normally used to detect the AC signal from the oscillating cantilever.
Force-distance curves enable the interactions of the tip with the surface to be studied and
provide useful information on the effectiveness, or otherwise, of particular SFM imaging
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modes. DC and AC force-distance curves were obtained in air and water using clean
silicon wafers. Bistable behaviour of an oscillating tip, when in close proximity to a
surface in air, was observed. This behaviour sheds light on some of the difficulties that
can be experienced in operating non-contact SFM, particularly in air when adsorbed water
is present. The automated acquisition of such curves and their interpretation would be a
valuable diagnostic aid to these instruments.
Of the four excitation methods described in chapter 2, three were implemented in the
prototype. Unlike the piezoelectric and the acoustic excitation techniques, magnetic
excitation produces a frequency spectrum with one clear peak that can be shifted in
frequency if required. Very effective magnetic cantilevers were fabricated in-house by
gluing magnetic particles to commercial silicon cantilevers. However, it was difficult to
prevent the glue from fouling the tip and so cantilevers were sourced with an in situ cobalt
coating. Testing with these cantilevers revealed a corrosion problem in water, which was
resolved when the manufacturers coated the cobalt coating with a chromium overlayer.
Furthermore, the testing process demonstrated that it was crucial that all parts of the SFM
head were non-magnetic. Otherwise, mechano-acoustic excitation of the cantilever
occurred, thereby obviating one of the benefits of magnetic excitation.
Until recently, the application of non-contact SFM in liquids has been hampered by the
substantial reduction in the quality factor experienced when a cantilever is oscillated
within liquid. Active Q control is a modification to the control system that creates an
effective quality factor that is much higher than the actual quality factor of the cantilever.
Furthermore, the method allows the effective quality factor to be tuned to a specific value.
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Chapter 5

Calibration and Validation

In this chapter, the calibration and validation of the prototype SFM are described. The
instrument was calibrated using commercial calibration artefacts and validated using a
commercial tip characteriser and samples of immobilised nanogold conjugates. It was
necessary to determine and correct the non-linear displacements of the tube scanner as
part of the calibration process.

5.1

Non-Linearity Correction

Distortion in the images of regular surfaces arises from the hysteresis and the drift
inherent in the behaviour of piezoelectric scanners. Such distortion can lead to the false
interpretation of images, particularly if the images are subsequently quantified. Therefore,
the incorporation of a mechanism to correct non-linearity is a prerequisite for accurate
measurements with SFMs.
5.1.1

Image acquisition without correction

A calibration sample (TM Microscopes) consisting of pads of silicon oxide on a silicon
substrate is illustrated in figure 5.1(a) and was used to determine the non-linearity of the
XY scan ranges. This sample was imaged in contact mode to investigate the lateral
displacement of the piezoelectric tube scanner. Since the magnitude and speed of scanner
displacement influences the degree of scanner non-linearity, an image was acquired for
different scan rates and XY scan ranges. An image acquired at one such XY scan range
and scan rate is shown in figure 5.1(b). Examination of the image in figure 5.1(b) reveals
a stretching of the pads in the X-scan direction as we move from the right to the left.
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Stretching is also observed as we move from the bottom to the top of the image. These
image artifacts can be explained by a decrease of the scanner displacements at the edge of
the scan range when a linear high voltage is applied. This image clearly demonstrates the
need to correct the non-linear displacement of the piezoelectric tube scanner so that valid
image metrology can be obtained.
Figure 5.1
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(b)
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A pictorial perspective of calibration sample is shown in (a), whilst the image of the
well-defined calibration sample without correction of piezoelectric tube scanner non
linearity is shown in (b). The sample features an array of pads that are 120nm in
height.
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5.1.2

Correction of non-linearity

Correction of the non-linearity was achieved using passive software control of the
piezoelectric tube scanner described in section 1.6.2.4. The TM Microscopes image
analysis functions within the SPMLab software were used to analyse the images and to
measure the separations between adjacent circular pads. Plotting the scanner displacement
versus the voltage applied to the piezoelectric tube scanner yields the classic hysteresis
curves illustrated in figure 5.2(a) and 5.2(b). Following acquisition, the data was adjusted
to ensure that the data curve passed through the origin of the graph. By reflecting this
curve across the perfect instrument line (which extends from the starting point to the end
point of the curve) a new curve representing the correction voltages to be applied to the
piezoelectric tube scanner was obtained.
This procedure was carried out for all the XY scan ranges. A fourth order polynomial fit
applied to this correction voltage was found to be sufficient for each XY scan range. The
fourth order polynomial coefficients were obtained using Microsoft Excel software and
entered into the SFMCntrl software via the “PZT Configuration” dialogue. At the
beginning of each scan, the SFMCntrl software calculates the non-linear voltage ramp
needed for the piezoelectric tube scanner and stores these values in a special look-up table
that is accessed by the XY DACs. The curves illustrated in figure 5.2(a) depict the data
curves for the forward (upper curve) and reverse (lower curve) X-scan direction. The
figure of 5.2(b) depicts the equivalent data for the forward Y-scan direction.
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Figure 5.2
(a)

X-Scan : Forward direction

(b)

Y-Scan : Forward direction

Input to Y-axis DAC (bits)

Graphs of piezoelectric tube scanner displacement versus digital to analogue
converter input, (a) shows the data for displacements in the X-scan direction whilst (b)
shows data in the Y-scan direction.
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5.1.3

Image acquisition with non-linearity correction

To illustrate the capability of passive non-linearity correction, the image in figure 5.3 was
acquired for a similar area to that shown in figure 5.1(b). This image clearly demonstrates
the linear displacement of the tube scanner achieved when driving the scanner with a non
linear voltage ramp. Whilst this technique proves to be adequate for visual observation,
there is still a non-linearity error of about 2 %. The image of figure 5.3 has been rotated
to align the Y-direction of the image and a cross-hair cursor has been overlaid to
demonstrate the residual distortion left in the image. The parallelism evident results from
cross-talk between the X and Y quadrants of the tube scanner. The first few lines in the
X-direction are always distorted with this scanner.
This method of non-linearity coiTection should ideally incorporate calculations for every
point in the image. However, this would entail the computation of coefficients for every
scan line in both the X and Y directions. Furthermore, the use of passive software
correction lacks the capability to compensate for changes of the piezoelectric effect over
time.
The use of active non-linearity correction as discussed in section 1.6.2.4 can reduce these
uncertainties. However, active correction techniques introduce added complexity and can
limit the scan rate of the system. Additionally, an increase in the physical dimensions of
the SFM detection head is required to incorporate the displacement sensors, thereby
limiting the compactness of the overall system.
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Figure 5.3
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The accomplishment of piezoelectric tube scanner linearity by passive correction is
demonstrated in this image of a similar sample area to that depicted in figure 5.1(b).

Figure 5.4
27 fjm

13.5/yrrr

0/;m
O/ym

13.5/ym

27 /ym

The image of figure 5.3 has been rotated and overlaid with a cross-hair cursor to
demonstrate the residual distortion across the image. The parallelism results from
cross-talk between the X and Y quadrants.
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5.2

XY Range Calibration

Using the line measurement capabilities of the ThermoMicroscopes SPMLab software,
displacements between adjacent pads were measured from images such as that presented
in figure 5.3. These measurements together with the known pitch of 2 pm, allow the scan
range in the image XY plane to be determined. These calibrated scan ranges were added
to the SFMCntrl software via the “PZT Configuration” dialogue. During calibration it
was noted that the Y scan was greater than the X scan. Examples of the rectangular scans
obtained (presented as square images) are shown later in figure 5.9. In order to keep the
X and Y scales the same, the Y scan voltages were reduced accordingly. The maximum
scan range was then 46 pm in both the X and Y directions.

At XY scan ranges less than 2 pm, there is a lack of suitable samples for calibrating these
smaller scan ranges. A compact disc (CD) represents both a cost-effective and precise
alternative, whereby the well-defined depth and width of the pits can be used to calibrate
the X,Y and Z scan ranges. An image obtained from such a sample is shown in figure 5.5.
The CD pit dimensions were cross-checked with a calibrated commercial SFM.
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Figure 5.5

120 nm

jL

t
(a)

230 nm

(b)

Schematic of the compact disc sample (a), which has a series of pits that are 230 nm
wide at the bottom of the pit and 120 nm deep as depicted by the line profile (b).

5.3

Z Direction Calibration

The Z (height) information was extracted from images of a well-defined silicon
calibration grating (TGZOl, Silicon-MDT). This sample consists of step-like features with
a height of 20 nm and a pitch of 3 pm as illustrated in figure 5.7(a). The maximum Zrange was calibrated to be 1.1 pm. Furthermore, this calibration sample was used to verify
calibrations of the XY scan ranges taken from the TM Microscopes calibration artefact.
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Figure 5.6
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Four SFM images of a compact disc sample obtained at four different XY scan ranges.
The feature indicated by the straight arrows was used to transfer the lateral (XY)
calibration down through the different zooms. The circular arrow indicates the
sequence of the images.
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Figure 5.7
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A schematic of the TGZOl calibration grating (Silicon-MDT) is shown in (a), whilst an
image of this grating is shown in (b). The calibrated height of 20nm for these steps, as
shown in the line profile (c), enables the image Z height information for the SFM
prototype to be calibrated.

5.4

Validation Using a Tip Characteriser

A commercial tip characteriser (Silicon-MDT, calibration sample TGTOl) was imaged to
validate non-contact imaging in air of high aspect ratio samples. This sample has sharp
spike-like features (made by the same process as for SFM tips) as illustrated in figure 5.8.
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In order to be able to image this sample with a high degree of accuracy, the SFM tip used
to image it must have the same, or better, radius and aspect ratio.

Figure 5.8

Scanning electron microscope image of TGTOl calibration sample (Silicon-MDT,
image courtesy of www.siliconmdt.com).

Features such as those in the TGTOl sample can be troublesome to image stably. The
TGTOl sample was imaged in air using the three different excitation methods as shown in
figure 5.9. The two images shown in figure 5.9(a) and 5.9(b) show similar imaging
stability for the magnetic and piezoelectric excitation methods respectively. However, the
image acquired using acoustic excitation, figure (5.9(c)), shows a degradation of the
image features and a reduction in imaging stability. The reasons for this instability are
unknown, but may be due to acoustic interference associated with this method or to an
increased interaction with the water layer arising from progressive tip blunting.
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Figure 5.9
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Images of TGTOl calibration sample in air with (a) magnetic, (b) piezoelectric and (c)
acoustic excitation.
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5.5

Validation using Conjugated 40nm Gold Spheres

The next stage in the validation process used a sample with bound nanogold conjugates.
This sample consisted of anti-ferritm immobilised on a silicon wafer using the general
method of Perrin et al. [55]. The antibody surface was subsequently incubated with 40nm
diameter gold spheres that had been conjugated with anti-mouse IgG antibodies (British
Biocell International). This sample was prepared by G.Roe (Department of Applied
Physics & Instrumentation, Cork Institute of Technology). Figure 5.10 shows an image of
this sample in air using the piezoelectric method of cantilever excitation.

Figure 5.10

(a)

(b)

Images of conjugated 40nm colloidal gold spheres in air using piezoelectric excitation.

Contamination of the tip can be observed by companson of the two images in figure 5.10.
Broadening of features in the second image may be attributed to the attachment of debris
or colloidal spheres to the tip. Figure 5.11(a) shows a good example of tip contamination
where every gold particle has been tip imaged into a bird-like motif. Where there is
uncertainty about the condition of the SFM tip, it can be imaged by SEM as shown in
figure 5.11(b).
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Figure 5.11

(a)

(b)

(a) Non-contact SFM image of 40nm colloidal gold spheres showing an example of tip
contamination, (b) SEM image of a contaminated SFM tip.

5.6

Validation using Conjugated 15nm Gold Spheres

This sample consisted of immobilised anti-hCG anti-bodies that had been incubated with
15nm gold spheres that had been conjugated with anti-goat IgG antibodies (Polysciences
Inc.j.The coefficient of variation of the gold spheres was less than 10 percent. The sample
was made by Dr. M. Moloney (Department of Biological Sciences, Cork Institute of
Technology).
Three successive images of this sample were taken as shown in figure 5.12. A visual
comparison of these images shows very good reproducibility. Clearly, there is drift in the
Y-direction and this has been estimated from the images to be 3 nanometres/minute.
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Figure 5.12
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Successive non-contact images of conjugated 15nm colloidal gold spheres in air using
magnetic excitation. The circular arrow indicates the sequence of the images. The
straight arrows indicate the direction of the drift.

5.7

Discussion

As discussed in chapter 1, the characteristics of piezoelectric tube scanners are far from
ideal. The principal difficulties arise from non-linearity, hysteresis and creep. In this
prototype creep is minimised by warming up the scanner before imaging and by
maintaining constant scanning rates. Hysteresis is avoided by only collecting image data
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during the forward scan. Non-linearity has been reduced to 2% by using non-linear
voltage scans that were determined by calibrating each scan range. The residual
parallelism in the images is due to cross-talk between the X and Y quadrants. Calibrations
were carried out using commercial calibration artefacts. In the absence of such an artefact
at the smallest scan ranges, the pits of a compact disc were used to transfer the XY
calibrations down to these ranges.
A general validation of the imaging capability of the prototype was carried out using a
commercial tip characteriser and samples of immobilised nanogold conjugates. Accurate
size data is known for the unconjugated nanogold particles but not when they

are

conjugated. Therefore, the heights of the immobilised conjugated nanogold particles were
not quantified as part of the validation process. The repeatability of imaging was found to
be excellent. Some drift in sample position was observed and was of the order of 3
nm/min. The maximum ranges of the prototype were determined by calibration to be 46
pm for X and Y and 1.1 pm for Z.
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Chapter 6

Application to Biological Samples in Liquid
In this chapter, the results of the application of the prototype scanning force microscope to
biological samples in liquid are presented and discussed. The prototype was used to image
immobilised red blood cells, the dimensions of which are towards the upper limit of the Z
scan range. The prototype was mainly used at the other end of its scan range to image
three different immobilised antibodies, two of which were also incubated with nanogold
conjugates. The backgrounds of the images in this chapter were levelled using

order

horizontal (X-direction) algorithms.
All liquid imaging was carried out in de-ionised water rather than buffer solutions. The
liquid cell volume (0.3 ml) is small and there was quite rapid evaporation experienced in
the absence of climate control in the laboratory. In these circumstances, there was concern
that buffer salts might create difficulties, particularly as quite lengthy imaging sessions
were anticipated for the first applications, given the need to evaluate and to optimise the
different operational modes of the prototype. By not using an appropriate buffer, it was
recognised that there was a risk that the antibodies could become denatured. Furthermore,
these application studies took place while the prototype was being upgraded to include
state-of the-art developments in magnetic excitation and active-Q control. Accordingly,
not all techniques were available for certain studies.
6.1

Red Blood Cells

An EDTA sample of human blood (courtesy of Dr.L.McDonnell) was prepared for SFM
imaging [56] as a rapidly air-dried blood film or smear on a glass microscope slide by
Dr.M.O’Reilly (Cork University Hospital).

A small section of the glass slide,

corresponding to the end of the film, was removed by scribing with a diamond and then

160

carefully breaking the slide. Normally, the end of the blood film is not used for SFM
imaging as the red blood cells tend to be rather flat in that region due to the larger
pressures experienced there during the smearing process. This region was deliberately
selected so that there would not be any overlap of red blood cells, as this would have
taken the heights outside the available Z range of the prototype. Some Z range is always
lost due to sample tilt, even when the greatest care is taken to align the sample with the
scanner.
Figure 6.1(a) shows an image of the red blood cells obtained in air using magnetic
excitation of a chromium protected cobalt cantilever. This sample was also imaged in
water with the same cantilever, using magnetic excitation with active-Q control, and a
partial image is shown in Figure 6.1(b). Considerable Z drift was experienced in water
and it was not possible to keep the sample in range for a full scan. This was due to the red
blood cells swelling under water. Figure 6.2 shows line profiles through “dry” and “wet”
red blood cells. It is clear from the images and the profiles that the cells are swelling
under water. The heights of the cells, measured at the highest part of their perimeters,
increased by about 30 percent when placed under water.
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Figure 6.1
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Non-contact SFM images of red blood cells obtained (a) in air using magnetic
excitation and (b) in water using magnetic excitation and active-Q control.

Figure 6.2
(b)

(a)

3.3 |un

Cutaways of 3D non-contact SFM images of (a) "wet" and (b) "dry" red blood cells to
illustrate swelling of the red blood cells under water. The arrows indicate where the
main changes in the shape of the cells occur.
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6.2

Anti-Ferritin Antibodies

This sample consisted of anti-ferritin antibodies that had been immobilised onto a silicon
wafer using the method described in chapter 5. It was imaged in air using magnetic
excitation, with and without active-Q control, and in water using magnetic excitation and
piezoelectric excitation, both without active-Q control. At the time of this particular
application, the magnetic cantilevers were not coated with chromium and their useful life
in water was very short. Representative images are shown in figure 6.3.
Firstly, the images shown in figure 6.3 are noisier than those presented later as the
prototype’s operation was further optimised. In air, the images obtained using magnetic
excitation (figure 6.3(a) and figure 6.3(b)) do not really benefit from using active-Q
control. Due to the cantilever difficulties described above, it was not possible to get
active-Q assisted images in water with this sample. The images in figure 6.3(c) and figure
6.3(d) clearly show that when this sample was in water the image quality using magnetic
excitation (figure 6.3(c)) was inferior to that obtained in air (figure 6.3(a)). However,
magnetic excitation in water was better than piezoelectric excitation in water.
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Figure 6.3
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Non-contact SFM images of immobilised anti-ferritin antibodies obtained using (a)
magnetic excitation in air without active-Q control, (b) magnetic excitation in air with
active-Q control, (c) magnetic excitation in water without active-Q control and (d)
piezoelectric excitation in water without active-Q control.
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6.3

ANTi-hCG Antibodies

This sample was prepared in a similar manner to the anti-ferritin antibodies and was made
by Dr. M. Moloney (Department of Biological Sciences, Cork Institute of Technology). It
was imaged in air using magnetic excitation without active-Q control and in water using
magnetic excitation with active-Q control and piezoelectric excitation with active-Q
control. Representative images are shown in figure 6.4. The detail observed under water
is not as well defined as in air as there are clear imaging instabilities that may be due to
either an unstable surface or active-Q control settings not being optimised.

Figure 6.4
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Non-contact SFM images of immobilised anti-hCG antibodies obtained using
magnetic excitation in (a) air without active-Q control and (b) water with active-Q
control.
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6.4

ANTi-hCG Antibodies with Gold Conjugates

This sample consisted of immobilised anti-hCG antibodies that had been incubated with
15nm gold spheres that had previously been conjugated with anti-goat IgG antibodies
(Polysciences Inc.)- The sample was made by Dr. M. Moloney (Department of Biological
Sciences, Cork Institute of Technology) and was extensively imaged in air and water.
This sample was taken through three cycles of imaging under water. The sample was
dried and stored in a dessicator after each imaging session in water.
Figure 6.5 shows two images of this sample obtained in air using magnetic excitation
without active-Q control. The nanogold particle density is clearly high. There only
appears to be nanogold particles present and there appears to be a single size population
with a relatively small variation in size. The manufacturer gave a coefficient of variation
of less than 10 percent for these particles.
Figure 6.6 shows three images of this sample obtained in water using magnetic excitation
with active-Q control. It is clear from the images of figure 6.6 that there are two
differences with respect to the images of figure 6.5. Firstly, the surfaces are less stable
and this is believed to be due to the surface itself, rather than the imaging parameters.
This is supported by the observation that the imaging became more stable the longer the
sample was in water. Secondly, the surfaces are denser with two sizes of particles now
being observed.

Thus, it appears that immobilised antibodies situated between the

nanogold particles are “growing” outwards, perhaps by changing their orientation from
“lying prone” [55] to “dangling out” as indicated schematically in figure 6.7.
The anti-hCG antibodies -i- 15 nm nanogold conjugates sample was dried and imaged in
air, using magnetic excitation without active-Q control, after the first period spent by the
sample in water. There are two differences in the images shown in figure 6.8; namely, the

166

occurrence of holes in the anti-hCG layer and the appearance of new objects. The size of
these new particles is consistent with that of the antibodies, some of which are located
next to the nanogold particles. In the first possibility, antibodies are released from the
silicon support and either attach themselves to the nanogold particles or sit on the surface.
In the second case, the antibodies change their orientation under water, from “lying
prone” to “dangling out” and attach themselves to adjacent nanogold particles. However,
there is a difficulty with the second proposal in that for each antibody located next to a
nanogold particle, there should be a corresponding hole.

Very few holes are seen in

figure 6.8(b), but this may be because the hole is beneath the antibody and therefore
invisible to the SFM tip. Of course, it is possible and perhaps probable that the antibodies
released by the water went into solution and were simply deposited back on the surface
when the sample was dried.

Figure 6.5
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Non-contact SFM images of 15 nm gold conjugates bound to anti-hCG antibodies
obtained in air using magnetic excitation without active-Q control.
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Figure 6.6
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Non-contact SFM images of 15 nm gold conjugates bound to anti-hCG antibodies
obtained in water using magnetic excitation with active-Q control. The surface is less
stable and denser due, it appears, to the antibodies between the nanogold particles
reaching out further.

Figure 6.7

‘dangling out”

“lying prone’

14 nm

8.5 nm
4.5 nm

Schematic diagram showing the dimensions, shape and orientations of an IgG
antibody.
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Figure 6.8
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(b)

Anti-hCG antibodies + 15 nm nanogold conjugates sample imaged in air, using
magnetic excitation without active-Q control, after the first period spent by the sample
in water. The arrow in (a) indicates "holes" in the anti-hCG layer whereas in (b) the
arrow indicates what are believed to be antibodies.

A further illustration of the differences to the anti-hCG antibodies + nanogold conjugates
sample induced by water is given in figure 6.9. The upper image was obtained during the
sample’s second period in water using magnetic excitation with active-Q control, whilst
the lower image was obtained before the sample was exposed to any water, using
magnetic excitation without active-Q control.
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Figure 6.9
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The anti-hCG antibodies + nanogold conjugate sample during its second period in
water (upper image) and before it was exposed to water (lower image).
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6.5

Anti-AS Antibodies

This sample was prepared in a similar manner to the anti-ferritin and anti-hCG antibodies
and was made by Dr. M. Moloney (Department of Biological Sciences, Cork Institute of
Technology).

The sample was imaged in water using magnetic excitation with and

without active-Q control. The upper image in figure 6.10 was obtained without active-Q
control while the lower image was obtained with active-Q control.
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Figure 6.10
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Images of the anti-A5 sample taken in water without active-Q (upper image) and with
active-Q (lower image).
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6.6

Discussion

The application phase of the prototype was necessarily limited as the primary objective of
this work was the development and validation of a prototype instrument. Nevertheless,
samples of immobilised red blood cells, nanogold conjugates and three different
antibodies were successfully imaged in water by the prototype. Water is not an ideal
medium for antibodies as water can denature some proteins. There was clear evidence in
this work of such an effect. Further work on these types of samples must be performed
using the relevant buffer solution instead of water.
This application work was performed during the final phase of development while the
prototype was being upgraded to include magnetic excitation and active-Q control and the
imaging performance improved substantially as that work progressed with the final image
shown of anti-A5 antibodies in water testifying to that progress. From this work it can be
concluded that magnetic excitation is a much easier method to set up, whether in air or
water, as there is no difficulty in identifying the frequency of operation. While active-Q
control can be of benefit in air there can be no doubt that it is essential in water.
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Chapter 7

Summary and Conclusion

7.1

Context

The aim of this work was to develop a non-contact mode scanning force microscope
for application to biological samples within liquid environments. The development of
this instrument presented significant challenges given that biological samples are
particularly soft in their natural state and that a liquid is a very difficult operating
environment for non-contact mode.

7.2

Overview of Prototype Scanning Force Microscope

The prototype was designed and constructed in-house.
7.2.1

Design Issues

The principle of operation of the scanning force microscope - a shaip tip delicately
drawn across a surface to feel its contours - is deceptively simple. In reality, the
instrument is a complex integration of precision mechanical, optical and electrooptical components with sophisticated electronics and software.
In many ways, the cantilever carrying the tip is the heart of the scanning force
microscope as it is through the deflections of the cantilever that information about the
topography of the surface flows. Given that the optical lever method is the most
sensitive method of measuring cantilever deflections, it was inevitable that the
prototype would use this method. At the outset of the design, decisions were taken to
scan the sample rather than the cantilever and to control the entire operation of the
instrument from a PC.
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Other key design principles were the implementation of:
•

modular hardware that provides flexibility and adaptability;

•

low noise electronics;

•

a powerful, intuitive graphical user interface.

7.2.2

Features of the prototype

The key features of the prototype are summarised here:
•

operation in air or liquid in contact or non-contact mode for wide applicability;

•

a sample scanner placed above the liquid cell to enhance reliability;

•

a demountable liquid cell to facilitate cleaning;

•

a scan range of 46 |xm laterally and 1.1 pm vertically;

•

cantilever excitation by piezoelectric, acoustic or magnetic means;

•

scanner head and liquid cell materials and construction chosen to minimise
mechano-acoustic interference;

•

software based scanner linearisation;

•

analogue control electronics;

•

amplitude demodulation using a RMS to DC converter;

•

active-Q control to maximise imaging performance in liquid.

7.2.3

Performance of the prototype

The performance of the prototype has been evaluated using several different samples
in air and in water during the calibration, validation and application phases of this
project.

Imaging immobilised antibodies in water is recognised as a particularly

difficult challenge for a scanning force microscope. The images presented in the last
chapter demonstrate that this prototype, equipped as it is with magnetic excitation and
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active-Q control, is well suited to this challenge. There was limited opportunity to
apply the prototype to this type of application and it is reasonable to expect that the
imaging parameters will be further improved as further operational experience is
gained.

7.3

Critique

No instrument development project is complete without an assessment of its design
and operation. In this section, aspects of the instrument that merit further attention,
because of the benefits that would accrue from their remediation, are identified and
discussed.
7.3.1

Scanner distortion

The residual non-linearity and other distortion of the piezoelectric tube scanner sets a
limit to the confidence that can be attached to the quantitative measurements derived
from the images.
7.3.2

Optical path

The present optical beam deflection angle of 45° can prove problematic when using
shorter cantilevers due to the need for the laser beam to clear the chamfer at the
cantilever chip edge nearest the cantilever.
7.3.3

Magnetic excitation

The magnetic excitation method has proved to greatly improve imaging stability,
especially when used in liquids in conjunction with active-Q control. However, at
higher frequencies, the inductance of the solenoid limits the current that can be driven
through the coil. This restricts this mode of excitation to lower frequencies and
consequently limits the cantilevers that can be used with this mode.
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optimising the magnetic mode of cantilever excitation requires the cantilever to be
magnetised in a direction that is perpendicular to the applied magnetic field.
Unfortunately, following the magnetisation of a cantilever, its magnetic moment
diminishes with time. Consequently, the maximum attainable amplitude of oscillation
will deteriorate in turn, requiring the solenoid drive current to be increased to
maintain the initial level of oscillations. This larger current can lead to thermal effects
within the solenoid, which can then affect the cantilever and the liquid cell as
discussed in section 4.4.2.

7.3.4

PC only strategy

The design strategy of using the same computer processor to direct all operations of
the prototype has clear limitations, for example it is not possible to image
optimisation on a line-by-line basis.

7.3.5

AC signal detection

Amplitude demodulation (AM) techniques are prone to interference from noise
sources whereby frequency modulation (FM) techniques are immune to these
amplitude variations. In the prototype SFM, the predominant source of noise is the
shot noise of the photo-detector. Therefore, the minimum amplitude of cantilever
oscillation is determined by the ability to amplify the signal from the cantilever
deflections without introducing extra noise in the system. Filters may be employed to
suppress these noise sources, but in so doing, may compromise the response time of
the feedback electronics.
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7.3.6

Sample visualisation

The absence of a video camera has proved to be the key factor that increases the set
up time following either a change of the cantilever or the sample. Without the
assistance of a video camera there is no means for determining the slope of a sample
relative to the cantilever.

7.4

Conclusion

A prototype scanning force microscope has been developed in-house to operate in
contact mode and non-contact mode within liquid environments. The cantilever
excitation that is essential for non-contact mode is provided by three different means.
Conventional cantilevers can be excited mechano-acoustically, either by using a
piezoelectric actuator built into the sample liquid cell or by using an external
piezoelectric speaker. When magnetic cantilevers are used, a solenoid underneath the
liquid cell drives them directly.
Although high quality images can be obtained in air regardless of how the cantilever
is excited, the magnetic excitation method is the technique of choice for operational
simplicity and versatility. In liquid, the amplitude, frequency and quality factor of an
oscillating cantilever are significantly reduced by viscous forces and it has been
difficult to obtain high quality non-contact images in liquids, particularly for
biological and other soft samples. This serious deficiency has been overcome within
this prototype by using magnetic excitation, thereby eliminating the mechano-acoustic
interferences generated by the other excitation means, and by using active-Q control,
a control technique that artificially boosts the quality factor of the cantilever. These
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techniques provide the prototype with a state-of-the-art specification that many
commercial instruments cannot deliver due to patenting conflicts.
The prototype has been calibrated, validated and applied to some biological samples
in water. The application experience, whilst limited, has been most encouraging with
high quality images of immobilised antibodies being obtained in water. The effect of
water on immobilised red blood cells and on immobilised antibodies was also
observed.

7.5

Suggestions for Future Work

7.5.1

Further modifications

Following the critique presented above, the following modifications are suggested in
order to improve the performance and application of the prototype.
•

The use of active non-linearity correction can alleviate problems associated with
the inherent non-linearity of piezoelectric scanners. Active correction techniques
can also reduce the irregular displacements of the piezoelectric tube scanner,
which presently distorts the imaging mechanism. Additionally, active control of
the piezoelectric scanner can automatically compensate for the loss of polarisation
of the piezoelectric scanner over time.

•

The modification of the optical path to enable shorter cantilevers to be used. This
would entail reconstruction of part of the SFM head in order to relocate key
components.

•

Improvement of the magnetic method of cantilever excitation may result from the
integration of permanent magnets within the liquid cell on both sides of the
cantilever chip. These additional magnets improve the ability to maintain the
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cantilever magnetic moment in the desired axis. As a consequence of this
modification, the same level of cantilever oscillation amplitude can be obtained
following a reduction in the solenoid current. Additionally, this reduction in
solenoid current may circumvent the problem associated with driving high current
through the coil inductance at higher frequencies, allowing higher frequency
cantilevers to be employed.
Whilst AM techniques have been employed for the acquisition of images using the
present prototype, FM becomes conceivable once a high quality factor of
cantilever resonance can be realised by applying active-Q factor control. This high
quality factor of cantilever resonance is a prerequisite for employing FM since the
minimum force sensitivity is proportional to the inverse of the quality factor as
described in section 2.3.7. Once a high quality factor of cantilever resonance is
realised, an improvement in imaging stability and resolution may arise from a
reduction in noise signals within the detection and feedback circuitry. A major
benefit of FM may arise from this diminished susceptibility to noise sources,
which allows a reduction in the amplitude of cantilever oscillations to be used
without introducing instability. This reduced amplitude of cantilever oscillations
can give a further enhancement of resolution since there is a reduction in the
power dissipated by the tip into the sample surface as described in section 2.3.5.
The advent of low cost photo-detectors with a gap of only 0.01 mm between
adjacent quadrant photo-diodes has opened up the possibility of further
improvements in the sensitivity of the optical lever technique. Furthermore,
advances in laser diode fabrication technology have led to a greater availability of
quality laser diodes with improved stability.
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The provision of a video camera in order to visualise the cantilever at the surface
of the sample.

7.5.2

Further studies of the characteristics of non-contact mode

Further experimental studies are required to extend our understanding of the operation
of non-contact mode and to optimise performance in liquid. The discontinuity
observed in the approach curve illustrated in figure 4.22 needs to be investigated to
determine the feasibility of inverting the sense of the feedback loop to exploit this tipsample separation of only a few nanometres, with particular emphasis on the
controllability of the tip-sample separation distance. This controllability will
ultimately depend on the slope of the discontinuity.
The benefits of operating at this tip-sample separation distance cannot be overstated.
A significant increase in the resolution may result from preservation of sharp tip
asperities since the tip no longer interacts repulsively with the sample surface. This
may also eliminate the perturbation of soft samples. Furthermore, the sensitivity to
surface topography should be comparable to intermittent contact mode at these
diminutive tip-sample separation distances.

7.5.3

Further applications

The application of the prototype was necessarily limited as the primary objective of
this work was the development and validation of a prototype instrument.
Nevertheless, samples of immobilised red blood cells, nanogold conjugates and three
different antibodies were successfully imaged in water by the prototype. Water is not
an ideal medium for antibodies as water can denature some proteins. There was clear
evidence in this work of such an effect. Further work on these types of samples must
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be performed using the relevant buffer solution instead of water. Given that such
samples are likely to be more stable than those in water, the prototype is ideally
placed to study in situ interactions between antibodies and antigens. The prototype
will also find ready application in the study of the fine structure of cells as well as
studying virus interactions with cells.

7.6

Epilogue

It is fifteen years since the invention of the scanning force microscope. Since then,
this instrument has become the most versatile member of the scanning probe
microscope family. Given the accelerating rate of development of this instrument we
can expect further improvements in performance.

Recent work on exciting the

cantilever using current drive [43] holds out the prospect of the cantilever being the
sensor as well as the actuator, further simplifying the design.
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